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Competition between magnetism and superconductivity in CeCu2Si2
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The interplay between superconductivity and magnetism in CeCu2Si2 has been investigated by means of
microprobe, muon spin rotation and relaxation (mSR!, and specific-heat measurements on four slightly off-
stoichiometric polycrystalline samples Ce11xCu21ySi2. Microprobe analysis reveals that within the errors
(63%) 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 sample Ce0.99Cu2.02Si2 exhibits a phase transition at
Tm50.67 K to a magnetically ordered ground state of unknown structure, with a lower limit on the size of the
frozen momentsm'0.2mB . For T,Tm slow residual fluctuations of these moments at a raten'3 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 toT560 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 in CeCu2Si2.
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I. INTRODUCTION

The heavy-fermion superconductors are a small clas
cerium- or uranium-based intermetallic compounds~for re-
cent reviews see Refs. 1–3!, which despite their low super
conducting transition temperaturesTc<2 K attract consider-
able and continued interest. This arises from the fact tha
these compounds the interaction of the more or less local
560163-1829/97/56~2!/699~12!/$10.00
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f electrons with the conduction electrons appears to be
prerequisite for the occurrence of superconductivity. In
other classes of superconductors, the pair-breaking effec
the magneticf ions leads to a more or less pronounced
duction ofTc or even to complete suppression of superco
ductivity ~e.g., Refs. 4 and 5!.

The keys to an understanding of the heavy-fermion sup
conductors are the characteristic properties of the lo
699 © 1997 The American Physical Society
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temperature state from which the superconductivity evolv
Heavy-fermion behavior is observed in many Ce-, Yb-, a
U-based intermetallics. Already in systems in which the c
responding ions are dilute, an antiferromagnetic excha
interactionJ between the conduction electrons and the loc
ized f electrons may lead to a dynamical screening of thf
electrons by a spin-polarized cloud of conduction electr
below a characteristic temperatureTK , resulting in the well-
known Kondo effect. In compounds in which thef ions are
arranged periodically—the so-called Kondo lattices—the
site Kondo interaction competes with the intersite magn
Rudermann-Kittel-Kasuya-Yosida~RKKY ! interaction, both
determined by the sameJ. In Doniach’s Kondo-necklace
model6,7 this gives rise to a phase diagram in which
magnetic-nonmagnetic transition is encountered at a crit
valueJc .

BeyondJc coherence effects may lead to a new type
ground state, i.e., the formation of a band of quasipartic
with ‘‘Fermi temperatures’’ ofT*.12100 K, closely re-
lated toTK . Ideally, the thermodynamic and transport pro
erties of this band show Fermi-liquid behavior and the q
siparticles can be characterized by large effective masse
m*.(1021000)m0 ~for a recent review on the theory se
Ref. 8!.

A superconducting ground state of a Kondo lattice w
first discovered in CeCu2Si2 (Tc.0.6 K!.9 Besides
CeCu2Si2, five uranium-based compounds are considered
heavy-fermion superconductors~at ambient pressure! to date.
Recently, the compounds CeCu2Ge2,

10 CePd2Si2,
11 and

CeRh2Si2,
12 which are isostructural to CeCu2Si2, have been

found to become superconducting under pressure.
In all heavy-fermion superconductors the Cooper pa

form out of a system of quasiparticles with strongly e
hanced effective mass. Heavy-fermion superconducti
therefore is thought to occur close to the magne
nonmagnetic transition of the Kondo lattices. In this pictu
it is facilitated by the screening of thef -electron magnetic
degrees of freedom and favored by the simultaneous incr
of the density of states at the Fermi surface. In this cont
one of the most important subjects remains the coexiste
and possible interplay of superconductivity and magnetic
dering in all of these systems except pure UBe13. In the
other uranium-based heavy-fermion superconductors ant
romagnetic ordering withTN@Tc is found. In UPd2Al 3
magnetic ordering oflocalized5 f magnetic moments coex
ists with heavy-fermion superconductivity.13,14 The fact that
both collective ground states are governed by the samf
electrons appears to imply a contradiction with the Kond
lattice picture discussed above and raises questions abou
applicability of this widely used model on these systems.15 It
is important to note at this point that in contrast to the hea
fermion superconductors, in all other classes of magnetic
perconductors magnetism and superconductivity are car
by different, comparatively weakly interacting electron sy
tems.

First evidence for a phase transition of magnetic origin
CeCu2Si2 at 0.6 K was found in magnetoresistivity,16

nuclear magnetic resonance~NMR!,17 and muon spin rota-
tion and relaxation (mSR! experiments.18 Subsequently, a
B-T phase diagram has been established in which the su
conducting phase lies embedded in a magnetic one~see Ref.
s.
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19 and references therein!. However, the nature of the mag
netic phase, i.e., the magnetic structure and the spin dyn
ics, has not been clarified to date.

In the present work we wish to give a detailed account
mSR measurements performed on several polycrystal
samples with different nominal composition
Ce11xCu21ySi2. This work is an extension of systemat
studies of polycrystalline samples of varying stoichiome
by resistivity, specific-heat, and thermal expansi
measurements.20 These studies are aimed at a systema
study of the composition dependence of the magnetic
superconducting properties. Preliminary accounts of th
studies have been published earlier.21,22 In parallel to our
work, independentmSR measurements have been carried
by a group at Columbia University.23

The central result of these investigations is that superc
ductivity and magnetism do not appear to coexist on a
croscopic scale but rather compete in CeCu2Si2. In several
samples suppression of magnetic ordering on the onse
superconductivity has been found, a behavior which
never been observed before in any other superconducto

This article is organized as follows. After a brief descri
tion of the experimental details~Sec. II!, we shall summarize
some macroscopic properties of the investigated sam
~Sec. III!. We will then present the experimental results
the mSR measurements in the paramagnetic state and
low-temperature phases in Sec. VI. A discussion follows
Sec. V.

II. EXPERIMENTAL PROCEDURE

Four polycrystalline samples of different nominal comp
sition Ce11xCu21ySi2 were prepared by melting the corre
sponding amounts of the elements in a triarc furnace. T
samples were annealed for 48 h at 700 °C and for 72 h
1000 °C. Pieces of these samples were used for x-ray
fraction and measurements of the specific heat and o
macroscopic properties. The superconducting transition t
peratures have been determined by ac-susceptibility and
sistivity measurements. Electron probe microanaly
~EPMA! has been carried out at the Kamerlingh Onn
Laboratory, Leiden.

The polycrystalline samples, consisting of several slic
of 121.5 mm thickness and 8 mm diameter, were glued o
pure silver sample holders. The low-temperaturemSR mea-
surements (T<1.25 K! were carried out at the Low
Temperature Facility~LTF! and the measurements at high
temperatures at the General-Purpose Spectrometer~GPS!,
both located on thepM3 beam line of the Paul Scherre
Institute, Villigen, Switzerland. The sample holders were
tached to the cold finger of either a3He-4He dilution refrig-
erator~LTF! or a continuous-flow4He cryostat~GPS!.

III. SAMPLES

Some properties of the four samples are listed in Tabl
The specific-heat and thermal-expansion data of the sam
Nos. 1, 2, and 4 have already been published.20 Specific-heat
results on sample No. 4 in magnetic field and under press
have been reported in Ref. 15. Specific-heat data on sam
No. 1 in an external magnetic field have been published
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56 701COMPETITION BETWEEN MAGNETISM AND . . .
Ref. 24. This sample is identical to the sample used for NM
experiments.25,26

The nominal stoichiometry~the composition before melt
ing! of the four samples is listed in Table I together with t
results of the EPMA. Besides the main phase, small amo
(<5% vol.! of secondary phases were observed in
samples. Within the errors of the EPMA (,63% absolute!
in all four samples the main phase exhibits the id
Ce:Cu:Si stoichiometry of 1:2:2. Their relative stoichiome
varies by less than 2%. The inhomogeneity of the comp
tion within the main phases of the present samples
<1%. The composition of the secondary phases varies f
sample to sample. In the samples prepared with Cu ex
~Nos. 1, 2, and 4! the precipitates are Cu rich and practica
free of Ce. The average composition of the secondary ph
in sample No. 3 is compatible with the observation of 3
Ce2Cu11xSi32x by x-ray diffraction. The lattice parameter
@a54.4002(4) Å,c59.919(1) Å at ambientT# are equal in
all samples.

In spite of the similar compositions of the main phas
the four samples exhibit pronounced differences in their lo
temperature specific heat, which is shown asC/T in Fig.
4~a!. Comparison of these data with the specific-heat ju
observed in an ‘‘ideal’’ superconducting single crystal27 and
the specific-heat coefficient observed inB.Bc2, i.e., in the
normal state,28 already suggests the presence of different
perconducting volume fractions in the four samples. A qu
titative determination, however, is difficult on the basis
the specific-heat data alone.

The superconducting transition temperaturesTc of each
sample are also given in Table I. From the absence o
strong anomaly in the specific-heat coefficient in sample
4, together with its weak field dependence15 and the behavior
of the thermal expansion,20 which is comparable with that o
nonsuperconducting single crystal,27 it is concluded that su-

TABLE I. Compositions of the polycrystalline samples und
investigation. ‘‘Nominal’’ compositions are before melting. Th
EPMA results are given for the main phase and precipitates.
superconducting transition temperatures are given in the last
umn. The labeling of the samples is identical to the one use
Refs. 20 and 22.

Nominal EPMAa Tc
Ce:Cu:Si vol. %, Ce:Cu:Si ~K!

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

No. 2 1 : 2.20 : 2 '95%, 1 : 2.02 : 1.97 0.59
'5%, 0.06 : 16.3 : 1

No. 3 1.025 : 2 : 2 '95%, 1 : 2.03 : 1.96 0.55
~5 1:1.95:1.95! '5%, 1 : 0.64 : 1.33

No. 4 0.99 : 2.02 : 2 .97%, 1 : 1.99 : 1.99 b

~5 1:2.04:2.02! ,3%, 0.02 : 3.3 : 1

aAbsolute accuracy 3%, relative accuracy 1%.
bOnset of superconductivity seen only in ac susceptibility at 0.45
From the bulk properties~see text and Ref. 20! it is concluded that
the sample is not a bulk superconductor.
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perconductivity in this sample appears only in minor parts
the sample volume.

IV. RESULTS

Muon spin rotation or relaxation (mSR! spectroscopy is a
powerful tool for the study of weak magnetic phenomen
For a review onmSR studies in heavy-fermion compound
see Ref. 29. For details on themSR technique we refer the
reader to Refs. 30 and 31.

In the present work we make use of the sensitivity
mSR in zero applied field to weak internal magnetic field
This sensitivity arises from the large gyromagnetic ratio
the muon,gm/2p5135.54 MHz/T. As a spin-1/2 particle
however, them1 has no electric quadrupole moment a
therefore is insensitive to electrostatic quadrupolar inter
tions. The internal fields are either of electronic origin or a
caused by the nuclear magnetic moments of the host la
atoms. The nuclear dipole fields are usually static in the ti
window of mSR ~fluctuation timesT2>1024 s!, while the
electronic magnetic fields may be of static or dynamic n
ture.

The time evolution of the normalized polarizationG(t)
@G(0)51# of the muon ensemble implanted into the sam
depends on the average value, distribution, and time ev
tion of the internal fields, and therefore contains all the ph
ics of the magnetic interactions of them1. G(t) corresponds
to the free induction decay signal in NMR or the signal
g-g-perturbed correlations. The possible presence of dif
ent m1-stopping sites or of regions with different groun
states may be identified by different components in the
polarization functionG(t), G(t)5(aiGi(t). In the case of
different domains the relative amplitudesai((ai51) of the
different components are a measure of the associated vo
fractions.

A. Zero-field results in the normal state

Zero-field~ZF! mSR measurements have been carried
on sample Nos. 1 and 3 for 2.5 K and for 5 K and on sample
No. 2 ~Ce2.2Cu2Si2) at 10 K<T<200 K. In all three
samples a slow Gaussian depolarization is observed in
investigated temperature range. For example, Fig. 1~a! shows
the time dependence of the normalized polarizationG(t) in
sample No. 1 at 2.5 K. The depolarization is too slow for t
possible recovery of them1 polarization toG(t→`)51/3
@see below, Eq.~3!# to be observed within the time window
of the present experiment. We therefore fitted the Gaus
approximation

Gpm~ t !5exp~2Dpm
2 t2! ~1!

to the data, where the subscript~pm! denotes the paramag
netic state. The temperature dependence ofDpm observed in
sample No. 2 is shown in Fig. 1~b!. For temperatures 10 K
,T,100 K, Dpm is approximately constant, with a sligh
tendency to decrease at higher temperatures. The extr
lated value ofDpm(T→0)50.135(5)ms21 is the same as the
values observed in sample Nos. 1 and 3 at 2.5 K.
T.100 K the depolarization rate exhibits a more pronounc
decrease, apparently reflecting motional narrowing due to
onset ofm1 diffusion, with a very small hopping rate o
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n!0.1 MHz at 200 K. We assume that the muon is static
T<10 K. Longitudinal field measurements on sample No
in a 50 mT field at 0.7 K indicate that at this temperatu
there is no significant contribution from fluctuating ele
tronic moments to the depolarization rate~for details see be-
low!. Therefore, we assume that the depolarization obse
for T>2.5 K is caused solely by the nuclear dipole field
The observed depolarization rate corresponds to a widt
the Gaussian magnetic field distributionDB50.22 mT at the
muon site. ~For a disussion of them1 stopping site in
CeCu2Si2, see the Appendix.!

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

In the following we present the results ofmSR measure-
ments in the temperature region 0.06 K<T<1.25 K on the
four Ce11xCu21ySi2 samples. First we will discuss th
mSR spectra obtained in ZF experiments, in which the m
netic phase is identified. We then present additional LF m
surements on sample No. 3 which help to establish the q
sistatic nature of the magnetic state. In addition,
measurements in sample No. 3 are shown which prove
the entire nonmagnetic volume fraction becomes superc
ducting.

The time dependence of the muon polarizationG(t) ob-
served in all four samples at different temperatures is sho
in Fig. 2. TheG(t) data on sample No. 4~Ce0.99Cu2.02Si2)
are very similar to previous results on a CeCu2.1Si2
sample,18 whereas the data on sample No. 1~CeCu2.05Si2)
compare well with results on a CeCu2.2Si2 sample.

23 A com-
parison of the different data sets reveals strong sample
pendences.

At 1.1 K, G(t) is dominated by the slow Gaussian dep
larization observed at higher temperatures. To describe
signal we apply the Gaussian function@Eq. ~1!#. The depo-
larization ratesDpm observed in the different samples fo

FIG. 1. ~a! Time dependence of the normalized polarizati
G(t) in sample No. 1 in zero field atT52.5 K. The curve is a fit to
a Gaussian, yieldingDpm50.135(5) ms21. ~b! Temperature de-
pendence of the zero-field depolarization rateDpm ~from fits of a
Gaussian! in sample No. 2~CeCu2.2Si2).
r
3

ed
.
of

-
a-
a-

at
n-

n

e-

-
is

T51.1 K in the paramagnetic phase are in the range
Dpm50.13520.150 ms21, in good agreement with the val-
ues observed at higherT.

In all samples, a fast depolarizing component appear
around 1 K~see the behavior at early times in Figs. 2~a!–
2~d!#. The magnitude of the corresponding depolarization
rate implies the occurrence of magnetic fields of electronic

FIG. 2. Time dependence of the normalized muon polarization
G(t) at different temperatures:~a! in sample No. 4,~b! in sample
No. 1, ~c! in sample No. 2, and~d! in sample No. 3. Note the
pronounced two-component structure ofG(t), which is composed
of a slowly ~dashed curve! and a rapidly depolarizing component,
corresponding to paramagnetic and magnetic domains, respective
For the fits to the data marked as solid lines see text.
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56 703COMPETITION BETWEEN MAGNETISM AND . . .
origin at them1 sites, which point to quasistatic correlation
between the 4f electrons of the Ce31 ions ~i.e., the 4f spin
fluctuations are very slow compared to the paramagn
state, where fluctuation times are typically of ord
10210210214 s).

The clear two-component structure inG(t) shows that
only a fraction of the implanted muons exhibit a fast dep
larization atT.1 K. Since the muon is a local probe, th
implies the presence of two differentm1 environments. A
fraction of the implanted muons resides in an environm
exhibiting practically static magnetic correlations betwe
the Ce 4f ions, whereas the other muons are localized i
paramagnetic environment. This behavior indicates a sp
separation of magnetic and paramagnetic regions.

The amplitude of the fast component, which is a dire
measure of the magnetic volume fraction, increases rap
with decreasing temperature to a maximum at ab
0.620.7 K in sample Nos. 1, 2, and 3, followed by a si
nificant decrease at lower temperatures. Clearly, all sam
exhibit an inhomogeneous behavior at all temperatures
low T,1.2 K, with the coexistence of magnetic and pa
magnetic domains. The magnetic volume fractions
strongly sample and temperature dependent. It should
pointed out that this behavior excludes an interpretation
the two-components ofG(t) in terms of the occupancy o
two differentm1 stopping sites.

We analyze theG(t) data by fitting a two componen
depolarization function

G~ t !5apmGpm~ t !1amGm~ t ! ~2!

to the time spectra withGpm(t) given above@Eq. ~1!# and
apm1am51. The amplitudesapm andam are a direct mea-
sure of the volume fractions of paramagnetic and magn
regions, respectively. The choice of the depolarization fu
tion Gm(t) for the description of the fast depolarizing sign
is not straightforward. Since the behavior of the nonb
superconducting sample No. 4 is dominated by the fast c
ponent atT,0.6 K, the analysis of these data is carried o
first.

In sample No. 4@see Fig. 2~a!# the initial shape of the fas
depolarizing signal is Gaussian at all temperatures. The r
Gaussian depolarization shows that the implanted muons
perience a wide range of internal fields. In addition, in
spectra recorded atT<0.55 K, the polarization drops to
minimum, followed by a partial recovery at longer times a
by a subsequent complete loss of polarization of the
component att.2 ms ~see the spectrum forT50.20 K!.
This shape of the depolarization function was not reporte
previousmSR works. It implies a depolarization of the ave
age 1/3 component of the initial muon polarization whi
would be oriented parallel to the internal magnetic fields
the static case. Thus, the observed behavior is indicativ
slow dynamical fluctuations of the internal magnetic fields
them1 site even at the lowest temperatures.

Such a time dependence of the polarization is usually
scribed by the so-called dynamical Kubo-Toyabe funct
GKT
dyn(t). This function is a generalization of the static Kub

Toyabe function32

GKT~ t !5
1

3
1
2

3
~12D2t2!expS 2

1

2
D2t2D , ~3!
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which results from an isotropic Gaussian distribution of
ternal fields centered at zero field,

f ~Bi !}expS 2
gm
2Bi

2

2D2 D . ~4!

Here i5x,y,z and 2D2/gm
25^Bi

2&5DB represents the sec
ond moment of the field distribution. The initial time depe
dence ofGKT(t) is Gaussian,

GKT~ t !.exp~2D2t2! at t,D21. ~5!

GKT(t) exhibits a minimum att.2D and recovers to 1/3 for
t→`.

The dynamical Kubo-Toyabe functionGKT
dyn(t) results

from a Gaussian field distribution given by Eq.~4! fluctuat-
ing in time at a raten. With the exception of some limiting
cases, it cannot be expressed analytically. It can, howeve
calculated numerically using the strong collision mode33

For slow fluctuations (n,D), G(t) still exhibits a minimum,
but the 1

3 component of Eq.~3! now also shows relaxation
andG(t→`)50. Forn'D, the initial depolarization is still
Gaussian, butG(t) drops monotoneously to zero. These tw
cases we are encountering in CeCu2Si2. Therefore, for the
description of the rapidly depolarizing signal we use

Gm~ t !5GKT
dyn~Dm,n,t !, ~6!

whereDm andn correspond to the width of the field distr
bution (DB5A2Dm/gm) and the fluctuation rate of the in
ternal fields, respectively. We obtain good fits to the expe
mental data, using Eqs.~1!, ~2!, and~6!, as demonstrated in
Fig. 2~a!. Note that forT>0.6 K the minimum in the time
dependence of the polarization vanishes. ForT>0.75 K con-
vergence problems appear in fitting to Eq.~6!, caused by the
small amplitudeam and the lack of structure in the rapidl
depolarizing signal. In this case the exact shape of the
perimental depolarization functionGm(t) is masked by the
statistical errors and is therefore not well determined.
solve this problem, we made use of the observation~to be
discussed in detail below! that in the regionT<0.75 K an
approximately constant fluctuation raten is observed. For the
fits to the data at higher temperatures we have therefore fi
n to its corresponding average value.

The fitted results for the temperature dependence of
amplitudeam, corresponding to the volume fraction of th
magnetically correlated regions, are shown in Fig. 3~a!.
Clearly am exhibits a broadened transition centered
^Tm&50.66 K. The half-width of the transition is
DTm50.08 K. ForT<0.5 K less than 10% of the volume o
the sample is paramagnetic. At least part of this volume c
responds to the Cu-rich precipitates~see Sec. III!.

Figure 3~b! shows the temperature dependence ofDm and
the fluctuation raten for the magnetic volume fraction. Th
value ofDm is a measure of the magnetic order parameter
temperature dependence roughly follows the behavior u
ally observed for a continuous magnetic phase transit
However, because of the broad inhomogeneous distribu
of magnetic transition temperatures in the present samp
quantitative discussion is difficult. The extrapolation yields
valueDB(T→0)511 mT, consistent with earlier results18,23

on other samples. Most important, the fluctuation raten is
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virtually temperature independent, with an average value
3.2 MHz for T,0.75 K. The crossover fromn,D to
n>D is the reason for the disappearance of the minimum
the time dependence ofGm(t) for T>0.6 K; see Fig. 2~a!.

As discussed above, the magnetic regions appear to
spatially separated from the paramagnetic ones in the t
superconducting specimens. We are interested mainly in
determination of the magnetic volume fractions and in
comparison of the magnetic properties in the differe
samples.

Due to the reduced amplitude of the fast depolarizing s
nal Gm(t) in the three superconducting samples@see Figs.
2~b!–2~d!#, the application of the dynamical Kubo-Toyabe
function encounters problems. The characteristic structur
the time spectra observed forT<0.55 K in sample No. 4 has
too small an amplitude to be identified in the other samp
Therefore~with the exception of sample No. 2 around 0.6!
it is impossible to obtain reliable values for the fluctuati
rate in these fits. In our previous publication,22 a Gaussian
was fitted to theG(t) data:G(t)5exp(2D2t2). In the case of
a nonzero fluctuation rate this approximation to the dyna
cal Kubo-Toyabe function does not describe the dynam
depolarization of the 1/3 component of the signal prope
In addition, it leads to an underestimate of the width of t
underlying magnetic field distributionDB.

We believe that a better approach is to assume that
fluctuation rates are of approximately the same magnitud
all four samples. Indeed, very similar behavior ofG(t) is
observed in the sample Nos. 1 and 4 atT50.6 K, i.e., in the
critical region, where the crossover fromn,D to n>D takes
place. A fit to theG(t) data of sample No. 1 atT50.6 K
~where the amplitude of the magnetic signal is relativ
large! using the dynamical Kubo-Toyabe function yield

FIG. 3. ~a! Temperature dependence of the relative amplitu
am of the rapidly relaxing component in sample No. 4, correspo
ing to the volume fraction of the magnetic regions. The curve i
guide to the eye.~b! Temperature dependence of the parame
Dm ~solid symbols! and of the fluctuation raten ~open symbols!,
obtained from the fit of Eqs.~2! and ~6! to the experimentalG(t)
data. Note that all values describe only themagneticvolume frac-
tion at a given temperature. ForT>0.75 K the value ofn was fixed
to 3.2 MHz in the fits.
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n53.5(3)MHz. We therefore used the same fit function
above@Eqs. ~1!, ~2!, and ~6!#, fixing the parametern to the
average value obtained above in the fully magnetic sam
No. 4, n53.2 MHz. A comparison between the fit resul
obtained with the Gaussian approximation and with the
namical Kubo-Toyabe fit function shows that the latter is
better description of the data. The corresponding results
shown in Figs. 4~b!–4~d! together with the results of sampl
No. 4, already discussed.35 ~We wish to note that the presen
analysis yields only quantitive differences to the results p
lished in the previous publication.22 The central qualitative
conclusions remain unchanged.!

Figure 4~b! shows the temperature dependences of
amplitudesam , i.e., the magnetic volume fractions in all fou
samples. Clearly, the superconducting samples exhibit a
nounced inhomogeneous behavior over the whole temp
ture range, with the coexistence of magnetic and param
netic regions, the magnetic volume fraction being stron
temperature and sample dependent. Most significantly,
increase of the magnetic volume fraction on cooling do
from T51.2 K stops exactly at the respective supercondu
ing transition temperaturesTc in each sample~see Table I!.
BelowTc , the magnetic volume fraction decreases, implyi
a transition back to a nonmagnetic state at lowerT in a

e
-
a
r

FIG. 4. Temperature dependence of~a! the specific heat coeffi-
cientC/T, ~b! the relative intensityam of the fast relaxing compo-
nent, corresponding to the volume fraction of magnetic domains~c!
the depolarization rateDm in these domains, and~d! the depolariza-
tion rateDpm in the paramagnetic domains in all four samples un
investigation.
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56 705COMPETITION BETWEEN MAGNETISM AND . . .
certain volume fraction of previously magnetic regions. T
effect is most pronounced in sample No. 1.

Concerning the nature of the magnetic phase in the f
samples under investigation, we may compare the depo
ization ratesDm of the corresponding fast signals@see Fig.
4~c!#. The observed temperature dependence is very sim
suggesting equal magnetic states in all four samples.
values ofDm increase continuously on cooling, unaffected
the superconducting transition, even while the magnetic v
ume fraction decreases.~Again, a quantitative discussion o
the temperature dependence ofDm is difficult because of the
strongly inhomogeneous behavior and the temperat
dependent magnetic volume fractions in each sample.!

The ZF depolarization ratesDpm in the paramagnetic vol
ume fraction @Fig. 4~d!# vary slightly with temperature
Dpm50.1420.18ms21 in the different samples. No signifi
cant correlation of the depolarization rate with the magne
or the superconducting transition is observed. The origin
the observed increase ofDpm is unclear. It could point to
some additional depolarization caused by fast spin fluc
tions in the paramagnetic phase at the lowest temperatu

C. Longitudinal field results

In addition to a ZF measurement, longitudinal-field~LF!
measurements have been carried out on sample No.
T50.70 K in fields ofB52 mT andB550 mT. The three
resulting normalized asymmetry spectraG(t) are shown in
Fig. 5.

The ZF result is well described by Eq.~2! with the domi-
nant component from the paramagnetic volume fraction
scribed by a Gaussian function withDpm50.14(1) ms21.
The fast depolarizing component at this temperature is
described by an exponentialGm(t)5exp(2lmt), with
lm53 ms21. This shape is in contrast to the Gaussian
havior observed in sample No. 4. However, the depolar
tion ratelm is comparable to the value ofDm observed in
sample No. 4. Therefore, the exponential shape is pres
ably produced by an approximately Lorentzian shape of
underlying field distribution~with a half-width ofDBm'5
mT! instead of by faster spin fluctuations in sample No.

FIG. 5. Time dependence of the normalizedm1 polarization
G(t) in sample No. 3 in the normal conducting state in zero a
longitudinal field. Note the pronounced two-component structure
G(t), which is composed of a slowly~dashed curve! and a fast
depolarizing component, corresponding to paramagnetic and m
netic domains, respectively.
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In a LF of B52 mT, which meets the relation
DBpm,B,DBm, the depolarization of the signal from th
paramagnetic volume is strongly reduced, whileGm(t) is
only slightly affected. However, the paramagnetic sign
continues to exhibit a very slow residual depolarization. F
ting an exponential exp(2lpmt) to this signal results in a
depolarization ratelpm50.01 ms21 ~which is actually at the
lower detection limit ofmSR!. This value is rather smal
compared toDpm50.14 ms21 observed in zero field and
reflects a small contribution from fast fluctuating moments
the paramagnetic state.

In a LF of 50 mT the depolarization of the fast depola
izing component is almost completely suppressed. Onl
small residual rapidly depolarizing signal is observed. Suc
behavior is theoretically expected for the present case, wh
B.DBm.

30 The results are in agreement with the finding
only a very slow fluctuation on the MHz scale in the Z
measurements.

D. Transverse-field results

Transverse-field~TF! measurements after field coolin
~FC! have been carried out on sample No. 3 atT50.121 K
in a field of 50 mT. To account for the paramagnetic and
magnetic volume fractions, as well as the sample holder
nal, a three-component function was fitted to the asymme
spectra:

AG~ t !5Asample$amexp~2sm
2 t2/2!cosvmt

1apmexp~2spm
2 t2/2!cosvpmt%

1Aholdercos~vholdert !, ~7!

wherev i52pn i . The signals from the sample holder an
the paramagnetic fraction cannot be resolved at the sm
field of B550 mT, while the signal from the magnetic vo
ume fraction is distinguished by its large depolarization r
sm.

The ratioAholder/A was therefore determined in a TF me
surement atB51 T at T50.7 K. This measurement als
yielded an estimation of the average Knight shi
K.(vm,pm/vholder)21.2731023.

The ratioAholder/A was assumed to be field independe
and the value ofAholder was fixed in the fits to the low-field
spectra. In addition we setv5vm5vpm, because the fre-
quencies of the signals are not resolved. The results of th
fits for am and sm are shown in Fig. 6. They are in goo
agreement with the corresponding ZF data on the magn
volume fraction in sample No. 3@compare Fig. 4~b! and
4~c!#.

To check whether the whole paramagnetic volume fr
tion becomes superconducting atTc we performed zero-
field-cooling ~ZFC! TF measurements (B520 mT! on
sample No. 3 at 0.4 K<T<0.7 K. AboveTc , the dominant
signal from the paramagnetic phase exhibits a slow depo
ization comparable to the FC value. BelowTc , the ZFC
procedure, i.e., increasing the field from zero to a field lar
the lower critical field@Bc152.3 mT ~Ref. 38!#, is expected
to produce a wide magnetic field distribution in superco
ducting regions because of pinning of the flux lines and
correspondingly distorted vortex lattice.
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The normalized asymmetry spectraG(t) obtained in these
ZFC-TF measurements were fitted with Eq.~7!. To allow for
a separate description of the signals from the magnetic
the paramagnetic regions also belowTc , the parametersam
andsm were fixed to their values determined in the FC me
surements at 50 mT. It has to be noted that in doing this
assume that them1 depolarization in the magnetic regions
not influenced by the flux line lattice. The present data do
allow us to prove this assumption, due to the large depo
ization rates in both kinds of regions.

Two representative spectra obtained above and belowTc
are presented in Fig. 7.~The small signal from the sampl
holder has been subtracted from the data.! A very fast depo-
larization of the entire signal is indeed observed in all spe
belowTc , which proves that in the full paramagnetic volum
fraction ~including the ‘‘reentrant’’ paramagnetic fraction! a
wide field distribution is induced by the ZFC procedure. Th
observation is in agreement with the behavior of
CeCu2.2Si2 sample atT50.05 K ~see Ref. 23!. It suggests
that indeed the full paramagnetic volume becomes super
ducting~in the present case, at least at 0.40 K<T<Tc). This
implies that even the volume fraction that is magnetic
Tc , and becomes paramagnetic on further cooling, is su
conducting and that no third type of region~nonsupercon-
ducting paramagnetic! exists.

In addition to the above results, from the temperature
pendence of the depolarization ratespm,ZFC an independen
determination of the transition temperature is possible fr
the extrapolationspm,ZFC→spm,FC at T→Tc . This yields
Tc50.56 K in sample No. 3, in good agreement with t
results from measurements of bulk properties.

V. DISCUSSION

The occurrence of magnetic ordering in CeCu2Si2 is not
surprising in view of the results of recent systematic stud

FIG. 6. ~a! Temperature dependence of the relative intens
am of the fast relaxing component in sample No. 3, determined
the field-cooling TF measurements atB550 mT ~open squares!,
together with the results from the zero-field measurements~solid
circles!. ~b! The temperature dependence of the field-cooling
depolarization ratesm in the magnetic domains in sample No.
defined by Eq.~7!.
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of the series CeCu2~Ge12xSix) 2.
39,40There, it was observed

that on increasing Si dopingx the magnetic transition tem
perature in CeCu2Ge2 (TN54.15 K! is gradually sup-
pressed, extrapolating to 0.7 K forx→1. Neutron
scattering40 reveals that the incommensurate magnetic str
tures are similar for 0<x<0.4 but the ordered moment i
significantly reduced by Si doping. For Si concentratio
x.0.4 the ordered moment is too small to be detected
these studies it appears that the magnetic ordering obse
in CeCu2Si2 might be closely related to that in
CeCu2Ge2.

The observation in sample No. 4~Ce0.99Cu2.02Si2) of an
inhomogeneous distribution of transition temperatu
Tm5(0.6660.08) K is in agreement with the previously re
ported onset temperature of magnetismTm,onset50.8 K ~Ref.
18! and the valuesTm50.6320.67 K reported in Refs. 19
and 27. New information on the nature of the magnetic st
results from the observed slow dynamical fluctuations of
internal magnetic fields at the muon site. Since them1 does
not diffuse at the lowest temperatures, this points to resid
electronic spin-fluctuations withn.3 MHz of the 4f mag-
netic moments belowTm. This is consistent with the ‘‘more
or less dynamic nature’’ of the magnetic state reported
NMR measurements on the present sample No. 1 and o
CeCu21xSi2 samples,25,26,36 where a gradual loss of th
spin-echo amplitude has been observed below'1 K. Our
estimate of the fluctuation rate is consistent with the estim
of n'0.1210 MHz from the NMR results.37

The residual fluctuations are very slow compared to
fluctuation rates in the paramagnetic state which in gen
aren5101021014 Hz. Therefore, one may speak of a nea
frozen, ‘‘quasistatic’’ arrangement of the 4f magnetic mo-
ments of the Ce31 ions belowTm. It is important to stress
that we do not observe a gradual slowing down of spin fl
tuations near the magnetic transition, but a spontane
freezing of the moments in certain regions, as proven by
temperature independent behavior ofn belowTm.

y
n

FIG. 7. Time dependence of the normalized asymmetryG(t) at
different temperatures in sample No. 3 in a transverse field of
mT after zero-field cooling fromT.Tc . Upper figure:T,Tc .
Lower figure:T.Tc . A small signal from the sample holder ha
been subtracted from the data.
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As argued before,18,23one possible spin arrangement pr
ducing the observed broad Gaussian field distribution i
dense spin-glass-like state, produced by a large densit
randomly oriented magnetic moments. Such a spin arran
ment, however, appears to require frustration, which can
be of geometrical origin in the present tetragonal lattice
Ce31 magnetic moments. Since precursor effects like criti
slowing down of spin fluctuations atT.Tm are absent in the
present case, we think that a spin-glass type of orderin
CeCu2Si2 seems rather unlikely.

It has been argued that in CeCu2Si2 heavy-fermion band
magnetism may be realized.41 However, the apparent Gaus
ian shape of the magnetic field distribution is not compati
with any kind of highly ordered spin structures. An incom
mensurate spin-density-wave-type ordering, as is realize
CeCu2Ge2, is expected to produce a field distributionf (B)
with a characteristic peak at finiteB. This leads to severa
oscillations in the time dependence ofG(t) before complete
depolarization, in contrast to the observation.

Another possibility that has not been discussed to dat
the presence of a commensurate antiferromagnetic struc
superposed by a disorder-induced staggering of the spin
rangement. The highly ordered component of the resul
spin arrangement could~accidentally! produce canceling in-
ternal magnetic fields at a highly symmetric interstitial si
as is the supposedm1 site ~0,0,1/2! ~see the Appendix for a
discussion of them1-stopping site in CeCu2Si2). In that
case, them1 would be sensitive only to the deviations of th
actual spin arrangements from the ideal structure that m
appear as ‘‘spin-glass like.’’ These could arise, for examp
from a possible short-range nature of the magnetic st
However, the exact nature of the magnetic state canno
clarified on the basis of the present results.

An estimate of the size of the disordered staggered c
ponents of the magnetic moments from the observed w
of DB511 mT yields 0.2mB @assuming them1 site ~0,0,
1/2!#. Note that this value is a lower limit for the size of th
actually frozen magnetic moments. The nonobservation
magnetic Bragg peaks42,43 appears to rule out a long-rang
ordered magnetic structure with a moment of that size
CeCu2Si2.

The most important result of the present measurement
the superconducting samples Ce11xCu21ySi2 is the obser-
vation of a spatial separation of magnetic and paramagn
regions in all samples. We would like to stress that the qu
titative determination of different volume fractions and th
temperature dependence in CeCu2Si2 has only be accom
plished bymSR to date. The size of the different regio
cannot be determined bymSR. However, it seems reasonab
to assume that a given crystallite within the polycrystalli
sample behaves homogeneously. In sample Nos. 2 and
crystallite structure could be observed in the EPMA elect
backscattering photographs, showing an average crysta
diameter of about 30mm.

The presentmSR data on the temperature dependence
the magnetic volume fractions strongly suggest that su
conductivity sets in first in the entire paramagnetic volu
and prevents the development of magnetism in these reg
There is no direct proof from themSR data that the magneti
regions are not superconducting. Evidence for normal c
ducting behavior in the magnetic regions, however, ste
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from the comparison of the temperature dependence of
magnetic volume fractions observed in themSR data with
the corresponding behavior of the specific heat of our f
samples~see Fig. 4!.

As discussed in Sec. III, the behavior of the specific h
in sample No. 4 points to only a very small superconduct
volume fraction. The specific heat@see Fig. 4~a!# is enhanced
as compared to the values for good superconducting sam
in the temperature range 0.6,T,1.2 K in sample No. 4.
This additional contribution is independent of magnetic fie
up to the superconducting upper critical fieldBc252 T.24 It
reflects the broadened magnetic transition observed in
mSR measurements.

In sample No. 1 the paramagnetic volume fraction
Tc , determined bymSR, is about 30%. Here, the specifi
heat exhibits an intermediate behavior. AtT.0.7 K it
closely follows the temperature dependence observed
sample No. 4, reflecting magnetic ordering in a large volu
fraction. The superconducting transition atTc50.7 K is re-
flected in a rather small jump ofC/T. Here the determination
of the specific-heat jump atTc is difficult due to the magnetic
contribution. By comparison with the behavior of the com
pletely magnetic sample, and taking into account the entr
balance we estimate a value ofDC/Tc50.40 J/K2 mol in
sample No. 1 @see Fig. 8~a!#. With the values of
Cn(Tc)/Tc50.75 J/K2 mol andDC/Cn51.48 in an ‘‘ideal’’
superconducting single crystal27 we estimate the supercon
ducting volume fraction in sample No. 1 to be (35610)%.

In sample Nos. 2 and 3, the paramagnetic volume frac
at Tc , derived from themSR data, is.80% and.75%,
respectively. The temperature dependence of the spe
heat is close to that of the ‘‘ideal’’ superconducting sing
crystal, although the superconducting transitions app
somewhat broadened. By comparison with the ‘‘ideal’’ b
havior we estimate superconducting volume fractions
(75610)% in sample No. 2 and (70610)% in sample No. 3
@see Fig. 8~b!#. Clearly, in all samples the size of the jum
DC/Cn of the specific heat atTc scales with the paramag

FIG. 8. Temperature dependence of the specific heat coeffic
C/T in ~a! sample Nos. 2 and 3 and~b! sample Nos. 1 and 4@same
data as in Fig. 4~a!#. The idealized specific-heat jumps using th
entropy balance are indicated. For details, see text.
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netic volume fraction atTc determined in the presentmSR
work, suggesting that superconductivity appears only in
paramagnetic regions.

The fact that magnetism and superconductivity occur
spatially separated volume fractions may be taken as an
dication that these two phenomena are in competition
CeCu2Si2. The magnetically ordered state appears alway
be the ground state if the superconducting state is not es
lished. No third type of ground state~e.g., a paramagnetic
nonsuperconducting one! exists in CeCu2Si2, as argued al-
ready in Ref. 23.

Strong evidence of a competition of magnetism and
perconductivity in CeCu2Si2 is the reduction of the mag
netic volume fraction belowTc in the superconducting
samples, which is most pronounced in sample No.
~CeCu2.05Si2). It is interpreted in terms of the suppre
sion of magnetism by the onset of superconductivity in c
tain regions. At least in the corresponding volume fract
~in sample No. 1 about 40%! magnetism and supercondu
tivity exhibit direct competition.

It is important to note that a certain magnetic volum
fraction persists down to lowestT in each sample, implying
that superconductivity is completely prevented in the cor
sponding regions. We wish to stress that the tempera
dependence of the superconducting volume fraction m
contribute to the specific heat belowTc and therefore may
lead to an unusual temperature dependence ofCp(T). We
conclude that three kinds of behavior may appear in a cer
region: ‘‘S’’ Tc.Tm, and the region becomes supercondu
ing without showing magnetic behavior, ‘‘AS’’Tc,Tm, and
the region first becomes magnetic but the magnetic orde
destroyed at the onset of superconductivity at a lowerT. This
implies that the superconducting state is more stable
T→0 than the magnetic one. Finally, ‘‘A’’ Tc→0
(Tc!Tm), and the ground state is magnetic.

These findings are in one-to-one correspondence with
classification of different polycrystalline samples and sin
crystals of CeCu2Si2 based on their macroscop
properties.20,15From our EPMA results we conclude that a
parently very small variations of the main phase composit
of less than 2% may alter the behavior dramatically. T
inhomogeneous behavior of the polycrystalline samples
der investigation shows that even an inhomogeneity less
61% is sufficient to vary the ground state.

The source of this sensitivity is unclear. It may just refle
sample quality; i.e., in the good superconducting samples
stoichiometry is closer to the ideal 1:2:2 composition than
other samples. In the latter, the superconductivity is p
vented by lattice imperfections like vacancies or disorder
tween the different types of atoms~notably, the occupancy o
the Cu sites may vary44!.

Another approach is the idea, based on the exten
Doniach model,6,7 that superconductivity requires a minim
strength of the hybridization, corresponding to a minim
exchange interactionJ between the 4f and conduction elec
trons. Superconductivity takes place only if a sufficient m
ment compensation by the Kondo screening is achieved
a possible source of a sample dependence, variations o
lattice parametera, determining the 4f25d hybridization,
have been considered.27 The lattice parameters, in turn, ma
be influenced by internal strain.45 This idea is supported by
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the observation that in the present, fully magnetic sam
No. 4 the magnetic transition is suppressed by a mode
pressure of 5 kbar, being replaced by a superconducting t
sition at 0.6 K.15 Similar behavior in single crystals,46 as well
as an increase of the superconducting volume in sam
with a small superconducting volume fraction on applicati
of pressure,47 has been reported before. Moreover, this b
havior is in line with the observation of an unusual increa
of Tc with pressure in CeCu2Si2,

48,49as well as the suppres
sion of magnetic ordering with pressure in CeCu2Ge2,

10

CePd2Si2,
11 and CeRh2Si2.

12 Remarkably, in all of these
compounds the onset of superconductivity is observed at
brink of magnetic ordering. Accidentally, CeCu2Si2 appears
to be close to this magnetic-to-superconducting transition
ambient pressure.

The overall behavior found in the CeCu2Si2 system sug-
gests that magnetism and superconductivity are almost
generate, and thus competing ground states. Moreover
destruction of magnetic order by the onset of supercond
tivity in the samples of type AS points to a subtle interre
tion between these ground states. It is important to note
such a behavior has never been observed in any other su
conductor.

The microscopic mechanism for the suppression of m
netism in the superconducting state is unclear. A poss
suppression of the RKKY interaction or a more effecti
Kondo screening in the superconducting state have been
cussed as possible sources in Ref. 23. However, we wis
note that, assuming the magnetic state in CeCu2Si2 to be of
the heavy-fermion band-magnetism type, a noncoexiste
of magnetic ordering and superconductivity appears q
natural. The coexistence would require a simultaneous s
pairing of the quasiparticles in the Cooper pairs and a m
netic spin alignment of the same quasiparticles.

VI. CONCLUSION

The presentmSR results provide clear evidence for
competition between the superconducting state w
Tc50.7 K and a magnetically ordered state. Both do n
coexist on a microscopic scale in CeCu2Si2. In polycrystal-
line samples inhomogeneous behavior may be observed
perconductivity takes place in paramagnetic volume fr
tions or suppresses magnetic ordering in certain regio
Parts of the samples investigated in the present work rem
magnetic down to the lowest temperatures. The res
strongly suggest that experimental data taken on polycrys
line samples should always be interpreted taking into
count a possible inhomogeneity.

In the light of the extended Doniach Kondo-lattice mod
the behavior of the above-mentioned cerium based hea
fermion superconductors, including CeCu2Si2 may be taken
as evidence that in these compounds the formation of~or at
least closeness to! a nonmagnetic ground state is a prereq
site for appearance of superconductivity. This suggests
magnetism and superconductivity arise from competing
teractions within the same set of quasiparticles forming
heavy-fermion state in these compounds. This in contras
the behavior of U-based HFS like URu2Si2 or UPd2Al 3,
where magnetism and superconductivity coexist on a mic
scopic level. In UPd2Al 3, several experiments suggest th
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56 709COMPETITION BETWEEN MAGNETISM AND . . .
presence of two microscopically coexisting 5f subsystems of
different kind.13,14 This discrepancy gives rise to th
question15 whether cerium- and uranium-based heavy f
mion compounds differ fundamentally in the correspond
4 f and 5f electronic states, respectively.
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APPENDIX

The ZF depolarization rateDpm ~see Sec. IV A! is fre-
quently used as a source of information on t
m1-stopping site. From the large number of interstitial si
in the ThCr2Si2 structure a set of possiblem1 sites can be
obtained by comparison of the observed zero-field depo
ization rate with theoretical valuesDnuc for the effect of the
nuclear dipole fields from the63Cu, 65Cu (I53/2), and
29Si (I51/2) isotopes~the latter is neglected in the follow
ing because of its small abundance!. We calculated the the
oretical values for the polycrystalline average ofDnuc for two
limiting cases. The quantization axis for the Cu nuclei
assumed to be either parallel to the radial direction towa
the muon (Dnuc,rad) or parallel to thec axis (Dnuc,ax). These
directions are determined by the possible electric field gra
ents experienced by the nuclei. For the corresponding the
see Ref. 30. The expected actual depolarization rate is s
intermediate value, because only nuclei very close to
muon might experience the radial electric field gradient.
-
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Table II, all sites with theoretical values for the depolariz
tion rateDnuc<0.25 ms21 are listed. For all of these site
the calculated values differ from the experimentally observ
value by 15% or more, and thus them1-stopping site canno
be identified.

In the isostructural compound CeRu2Si2 the 2b site
~0,0,1/2! has been identified as them1-stopping site from the
Knight shift anisotropy measured on a single crystal.34 From
these data, an occupation of the nonaxially symmetric s
4c and 8j could be positively excluded. It should also b
noted that the 2b site is the carbon site in the structural
related borocarbide superconductors. We therefore bel
that the 2b is the most likelym1 site in CeCu2Si2. How-
ever, the origin of the enhancement of the experimenta
observed value ofDnuc as compared to the calculated on
for the site 2b is unclear. An increased value of the nucle
dipole fields at the muon site could be produced by a lat
distortion in the neighborhood of them1. In that case, one
has to assume that the neighboring Cu atoms are displ
by more than 15% towards the muon.

TABLE II. Calculated values of the polycrystalline depolariz
tion rateDnuc for radial ~rad! and axial~ax! electric field gradient at
the Cu nuclei, for different interstitial sites in CeCu2Si2. The ex-
perimental value isDpm50.135ms21.

Dnuc,rad Dnuc,ax

Site (ms21) (ms21)

2b(0,0,1/2) 0.084 0.064
4c(1/2,0,0) 0.101 0.094
4e(0,0,z), z50.20 0.296 0.153
z50.25 0.216 0.171
8 j (1/2,x,0), x50.25 0.091 0.067
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