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Spin dynamics of Cd& Mn Te studied by muon spin relaxation and rotation
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The distribution and fluctuation rate of the internal magnetic field were determined in samples of
Cd& „Mn„Te (0.27 &x &0.65) by measurements of the relaxation rate and precession frequency of
implanted positive muons in longitudinal and transverse applied fields. The results show a critical-
like divergence of the p spin relaxation on approaching the spin-glass transition temperature Tg,
with a critical exponent that scales with x. Relaxation rates and frequency shifts are consistent with

the presence of a large hyperfine component in the p+ spin interaction due to superexchange. The
spin dynamics is dominated by fluctuations at all temperatures. Interesting effects were also ob-
served in the temperature range 60& T & 250 K which cannot be described fully by trapping or de-

trapping processes and which remain a puzzling feature of the results.

I. INTRODUCTION

Interesting optical, electronic, and magnetic properties
develop in II-VI semiconductors when a fraction of the
cations are replaced by magnetic iona to form "diluted
magnetic semiconductors" (DMS's). Most extensively
studied is the zinc-blende Cd, „Mn„Te system, for
which a homogeneous distribution of the substituting Mn
obtains over a relatively large range of compositions
0&x &0.75.' The 3d electronic levels of the Mnz+ ion
are bound in the valence band, so that the material
remains a wide-gap semiconductor, but the exchange in-
teractions of the localized Mn ionic moments, 4.92ps in
the DMS, ' with each other and with charge carriers re-
sult in a variety of interesting phenomena that have been
reviewed in detail in Refs. 1 and 2.

The magnetic behavior of DMS's has been investigated
by specific-heat, susceptibility, electron-spin resonance
(ESR}, and neutron-scattering techniques. The results,
especially the cusp in the susceptibility at a temperature

Tz and external field and remanence effects for the dilu-

tion range 0.2 &x &0.6 were found to be similar enough
to those for the "canonical" spin glasses to warrant their
inclusion in the insulating spin-glass (SG) category. '
Among these, DMS's are particularly interesting in that
the SG state seems to be of a fully collective nature. The
susceptibility cusp disappears at higher concentrations
(x &0.6}, for which short-range antiferromagnetic (AF)
order has been detected by means of neutron scattering.
These results have been rationalized in terms of the lat-
tice frustration mechanism expected in a fcc lattice with a
dominant AF coupling; the coupling in this case is due
to superexchange mediated by the p electrons of the host
anions in a slightly distorted tetrahedral configuration.
The nature of the transition and the properties of the SG

state are however not fully understood.
Due to extreme line broadening as the temperature de-

creases or x increases, ESR measurements are restricted
to the paramagnetic region. Broadening and shifts of
the ESR line have been ascribed to the formation and dy-
namics of an internal field distribution, but it was not
possible to assess the origin of the field or its dynamics,
for example, to state whether the line broadening is due
only to the slowing down of a stable field distribution' or
if the field distribution itself evolves with temperature. .

Because of the large nuclear cross section of Cd, results
from neutron scattering are also sparse, showing basically
that the ordering is only short range; the correlation
length for x =0.65 (AF case) saturates at 160 A (at
T =30 K, the transition temperature). No dynamic in-
formation has been obtained from neutron scattering,
contrary to the situation in dilute metallic spin glasses,
where the time ordering has been studied by neutron
spin-echo techniques. '0

As is well known, the dynamic depolarization of muon
spins in magnetic lattices may also give direct informa-
tion on the spin dynamics of the host, the SG case being
very well documented for dilute systems. " %e have un-
dertaken a series of muon-spin relaxation (@SR}measure-
ments in the DMS, and report here our results for the
Cd, „Mn„Te case. Part of our zero-field results have
been published' and Golnik et aI. have reported on
transverse field measurements in Cd, „Mn„Te samples
with x =0.4 and 0.6.' Since DMS are not di1ute sys-
tems, and since the nature of the ordered state is far from
understood from previous work, and given that the
Cd& „Mn„Te system displays some departure from the
canonical SG behavior in ESR, we have approached
them from the point of view of a general category of ran-
dom, diluted but not dilute, magnetic spin systems.
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This paper is organized as follows. Section II gives ex-

perimental techniques and details of the data fitting and
modeling procedures innate to the pSR technique. A dis-
cussion of possible sites for the muon in the DMS lattice
is given, including a computer calculation of the internal
dipolar field distribution for the interstitial site. In Sec.
III we describe the results obtained for (a) zero field (ZF)
and longitudinal field (LF) (low- and high-field cases} and
(b) high transverse field (TF). Interesting diffusion and

trapping effects obtained at T & 60 K are discussed sepa-
rately in Sec. III. To close, in Sec. IV we discuss the im-

plications of our results in view of other work outlined
above.

II. EXPERIMENTAL DETAILS, DATA ANALYSIS,
AND MODELING

The basic principles and application of the pSR tech-
niques to the study of the spin dynamics in magnetic ma-
terials, ' particularly in spin glasses" have been
suSciently documented that only details of particular
relevance to the present work will be described here. The
Cd, „Mn„Te crystals studied were grown at Purdue
University using a modified Bridgmann technique and are
similar to those used for the previous ESR and other ex-
periments. ' Slices of about 5 mm thickness were
cleaved from crystalline ingots to form the @SR samples,
which had a crystalline (110) axis in the face oriented
roughly perpendicular to the incident muon beam. The
concentrations studied were x =0.275, 0.30, 0.36, and
0.50 in the SG region of )he magnetic phase diagram, and
x =0.65 in the AF region. In addition, samples with
x =0 and 0.05 (this one doped with 10' cm Cu ions)
were measured mostly for tests. The experiments were
carried out using surface muons from the M15 and M20
beam lines at TRIUMF. Both channels produce pure,
100%-polarized p,

+ beams with typical momenta of
about 27 MeV/c. The }u+ beam polarization could be ro-
tated from its usual direction parallel to the (horizontal)
beam axis (conventionally defined as the z axis} into the
vertical direction (hereinafter defined as the x axis) by
means of the Wien velocity filter used to separate the
muons from other particles in the original beam. ' The
separated muon beams were focused onto the samples
and stopped in about 200 mg/cm2 of the sample material.
Several series of runs were carried out using two different
configurations. In the first series the samples were
mounted in a gas-fiow cryostat capable of providing very
stable temperatures from 3.0 to 300 K, and experiments
wgre carried out in small or zero applied magnetic fields
to determine the ZF behavior of the muon spin dynamics.
For the ZF measurements, external fields were cancelled
in each of three dimensions to better than 0.1 Oe. The
rest of the measurements were carried out with the sam-
ples mounted on the cold finger of a continuous-How cry-
ostat that provided stable (+0.1 K) temperatures in the
range of 5 to 300 K, placed in the geometrical center of a
set of Helmholtz coils that could generate fields in the x-y
plane of up to 200 Oe and in the z direction of up to 4.0
kOe. This is a versatile configuration that allows the
measurement of ZF spectra as well as LF and TF spectra
in fields up to the maximum generated by the coils.

To determine the time dependence of the muon polar-
ization, the decay positrons were detected time
differentially by up to six plastic scintillator telescopes
placed pairwise along the three axes, symmetrically to the
sample position taken as the origin. Most of the mea-
surements were carried out with the z-axis counters, usu-

ally referred to as the backward-forward pair (B-F),' the
data on the other counters providing a check of, for ex-

ample, the possible appearance of spurious fields.
The experimental data were accumulated as histo-

grams, N (r},of the time interval between p+ stop and de-

cay e+ detection, giving a separate N(t) for each tele-
scope. For the ZF and LF cases, using the B-F telescope
pair, these time spectra have the form

N~ F(t) =b~ ~+No' exp( t/r)f —1+AD G„(t)],
where t =0 is the time at which the muons stop, b~ F is
the time-independent random background, No' the nor-
malization counts at t =0, ~ is the mean lifetime for
muon decay, A o' is the t =0 value of the anisotropy of
the muon decay as detected by the particular detector in-
volved, the sign (+, —) indicates the (B,F) telescope, re-
spectively, and the function G„(t) is the longitudinal
muon spin depolarization function, which describes the
time evolution of the muon ensemble polarization due to
the interaction of the muon spin with the host. A similar
expression obtains for TF histograms, where the corre-
sponding transverse relaxation function G»(t) modulates
an oscillatory term cos(co„t +P ) describing the Larmor
precession in the applied field. The backgrounds are
determined experimentally from the t & 0 part of the time
histograms. An experimental asymmetry versus time his-
togram is constructed as follows:

B(r) F(r)—
B(&)+F(&) '

where B (t) =Ns(t) b~ and—F(t)=NF(t) bF. For-
ideal, identical B-F telescopes the asymmetry would be
A (t)= AOG„(t), i.e., a direct ineasure of the depolariza-
tion function. The experimental asymmetry spectrum is
actually modeled as

(a —1)—(ap+1)AoG (t)
A(r)=

(ap —1)AOG„(r) (a+1)—
where the instrumental parameters a =No /No and
p=

A 0 /A 0 account for the difFerent response of the B-F
counter telescopes. In a typical spectrum, the back-
ground is about 1% of No, p= 1, AO-0. 30, and the pa-
rameter a depends on the particular arrangement used.
The maxi~urn asymmetry Ao and general systematic
tests are obtained from data taken on well-known sam-
ples, usually very pure Cu and Al foils. The parameter
Ab =(1—a)/(1+a) is sometimes called the baseline, as
it gives the zero-polarization value of the "raw" asym-
metry A (t); a was determined during the experiments
from fits to both TF and LF data for each sample at
several temperatures.

Several possibilities exist in modelling the depolariza-
tion function G„(t) 'A well-known . case is the Kubo-
Toyabe function arising from a model random Gaussian
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Cd( „Mn„Te
Sit A

ions centered on the interstitial site with four Cd nearest
neighbors (NN) in the CdTe lattice. The effect of the nu-
clear dipoles can be neglected. The distribution obtained
departs from a simple Gaussian form for x &0.5, as ob-
served before, ' and has a rms width of &0.5 T for the
concentration x =0.4. This provides a starting point in
estimating the (minimum) static distribution of internal
fields at the muon site due to dipolar interactions alone,
which therefore should be noticeably affected by the ap-
plied field of 0.4 T available in our spectrometer, if the
fluctuation rates are lower than approximately 50 MHz.

III. RESULTS

tD
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FIG. 1. Monte Carlo polycrystalline average dipolar field dis-
tribution at the tetrahedral interstitial site in which p is sur-
rounded by 4 Cd in CdTe, calculated for several concentrations
in Cd& „Mn„Te. Similar results are obtain for the second site.

distribution of internal fields acting on the muon ensem-
ble, modified in terms of a strong-collision approximation
to account for muon hopping (diffusion) and/or time fluc-
tuation of the fields. A special form has been introduced
by Uemura et al." for the case of the dilute spin glasses,
which is in principle applicable to random systems in
general, and has recently been shown to reproduce the
data well for the amorphous spin glasses Pd75Fe5Sizo and
Pd75Fe5P2p. Despite its basic importance in pSR, the
SG function will not be given here because, as discussed
later, the experimental depolarization functions found for
the Cd& Mn„Te system were of a simple exponential re-
laxation shape G (t)=exp( —A,t). An exponential shape
obtains in the limit of fast fluctuations for a classical dis-
tribution of fields and basically yields only limited infor-
mation on such fields, as the relaxation parameter
A, =cop~, contains both the magnitude of the local mean

field cop /y„and its fluctuation rate 1/~, .
Further insight into the field distributions expected in

different crystalline lattices may be gained by a
numerical-modeling procedure discussed in detail in Ref.
18. As a positive impurity of negligible size, the muon is
assumed to reside at an interstitial site with relatively low
electron charge density. There are two such sites (both
with tetrahedral symmetry) in the zinc-blende structure.
Figure 1 shows the calculated instantaneous ("snapshot" )
Monte Carlo average of the dipolar fields due to the Mn
ionic moments that randomly replace Cd ions in
Cd, „Mn„Te, performed on a cluster of more than 400

A. Zero and longitudinal field

The shape of the asymmetry histogram was similar for
the different compositions and is shown for the case
x =0.5 in Fig. 2. The main features of the data are an in-
itial asymmetry Ao that is slightly (typically 15%) small-
er than that obtained for the calibration Cu and Al sam-
ples, and a rapid decay of the signal within the first mi-
crosecond to a slowly varying signal within the 10 ps to-
tal time measured. A missing fraction of the initial asym-
metry in insulators is normally due to the formation of
muonium (Mu) atoms, which if present, aside from the
small reduction of the experimental A o observed, play no
role in the present results. No direct evidence was found
for Mu formation in either pure CdTe or the
Cd& „Mn„Te samples. The depolarization signal could
not be fitted consistently (i.e., all temperatures for the
same x} using the full SG relaxation function discussed,
for example, in Ref. 11; in those individual cases yielding
a good fit (in terms of X values) unphysical values were
obtained for the fitted parameters. By contrast, con-
sistent fits with very good P values were obtained in all
cases by assuming two signals in the data: a dominant
one with a typical asymmetry of 0.25, exhibiting relative-
ly fast exponential decay, superimposed on a slowly relax-
ing background signal which could be fitted to a dynamic
Kubo-Toyabe form in the ZF field case and to an ex-
ponential with very small relaxation constant in the LF
and TF cases. The asymmetry of the second signal was
typically less than 0.05. We attribute this background
signal to a small fraction of the muons (at most 15%)
stopping in nonmagnetic sites, mostly in the Cu and Al
sample backings but not excluding the possibility of a
small fraction of muons residing at diamagnetic sites in
the Cd& „Mn„Te lattice. This is consistent with the fact
that, in order to insure good thermal contact with the
cold finger, there were some openings left in between the
flat ovoidal slices that constituted the sample. In addi-
tion, the relaxation constant obtained for the Cu-backed
samples in ZF followed the well-known temperature
dependence for that metal, while that for the Al-backed
samples was T independent and both were rendered flat
(i.e., decoupled} by a 50-Oe LF. An exponential relaxa-
tion function described the main signal very well in all
cases; no other assumptions regarding the shape of G (t)
were required to account for the experimental results.
The important experimental quantity extracted from the
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F&G. 2. Example of the temperature evolution of the asymmetry A (t) obtained for Cdo, Mno. sTe. The solid lines are the results of
fits described in the text.

data is thus the relaxation parameter k, which was then
measured as a function of x, T, and the magnitude of the
LF.

The temperature dependence A,(t) is shown in Fig. 3 for
several concentrations x. The most striking features of
the data are (a) the apparent divergence of A,(T) as the
temperature is reduced from about 100 K in the
paramagnetic region towards an x-dependent "transi-
tion" temperature; and (b) the almost total disappearance
of the signal below that temperature. The "transition"
temperature extrapolated from the diverging behavior of
A,( T) and the sudden drop in asymmetry of the main @SR
signal agreed (to within 1 K) with the susceptibility cusp
temperature for the same x, i.e., the temperature previ-
ously identified as Tg for the transition to SG ordering.
It is interesting to note that, within experimental errors,
the same values of A,( T) were obtained in a 50-Oe LF, for
both zero-field-cooled and field-cooled cycles. Below T
the main signal displayed a very small asymmetry, less
than 0.04 in all cases, and its relaxation parameter could
not be extracted with any accuracy.

Except for an unavoidable shift in the baseline and
thus uncertainty in the initial asymmetry, no appreciable
change was observed in the main signal between ZF and
the maximum available LF for several test cases mea-
sured above and below T (as low as 5 K). As expected
from its proposed origin, the background signal remains
the same above and below T and is fully decoupled by a
LF greater than 50 Oe.

A high-temperature "plateau" in A.(T), is also apparent
near 300 K, varying from A,(300 K)-4.5 ps ' for

x =0.65 to A,(300 K) =13.5 ps ' for x =0.275. In addi-
tion to the divergence on approaching T and the high-
temperature plateau in A, ( T), which are due to the in-
teraction of the muon spins with the Mn + ensemble, a
drastic change in the relaxation function was observed at
low concentrations x & 0.36 for temperatures 60 & T
& 250 K. In this "dip" region, the relaxation rate for the
great majority of the muons decreases to a small value
comparable to that obtained for pure CdTe crystals. One
might be tempted to explain this dramatic effect in terms
of a trapping or detrapping mechanism ~hereby the
muons would fall into diamagnetic traps at around 90 K
with subsequent fast detrapping above 250 K; however,
as discussed below, this simple model is inconsistent with
the data. No orientation dependence of the measured
A,(t) was observed, either by rotating the crystals or by
powdering the x =0.50 sample to get a polycrystalline
average.

B. Transverse field

A less exhaustive series of measurements was carried
out in a transverse field of 0.33 T in quest of further in-
sight into the origin of the internal field distribution and
the muon state responsible for the dip in the ZF relaxa-
tion rate discussed above. The results shown as Fourier
transforms in Fig. 4 were in agreement with those of Vol-
nik et a/. ' In addition to the unshifted signal due mostly
to the sample holders, a distribution of negative frequen-
cy shifts is observed. The magnitude of the shifts in-
crease linearly with the applied field and increase with de-
creasing temperature. In fitting the TF data more than
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FIG. 3. Temperature dependence of the exponential relaxation rate of the main signal for several compositions x as labeled. The

values below Tg are subject to large errors due to the vanishing effective anisotropy of the signal there, and are shown only for illus-

trative purposes.

two signals were necessary above 90 K, i.e., in the region
of the dip in the ZF relaxation rate. Figure 5 shows the
relative frequency shift of the dominant signal relative to
the background signal as an indication of temperature
dependence of the centroid of the internal field distribu-
tion. A striking feature of the shift data is the existence
of a minimum, for example, at T =200 K for x =0.36,
with features similar to those of the relaxation rate. As is
apparent to the eye in the Fourier-transformed data of
Fig. 4, the field distribution becomes quite narrow for
temperatures around the minimum, where it becomes in-
distinguishable from the background signal, reappearing
again as a shifted distribution at higher temperatures.
Again, near and below the transition temperature Tg only
the background signal can be discerned in the data.

IV. SUMMARY AND CONCLUSIONS

For the purpose of this discussion it is convenient to
divide the data in four temperature ranges, namely (a)

T & Ts, the "low temperat-ure" regime; (b) Tg & T & 60 K,
the "critical" region or "paramagnetic" regime; (c) the
"dip" region, roughly 80 K& T &250 K; and (d) the
"high-temperature" region, T=300 K. As discussed
above, most of the signal disappears at low temperatures,
below Tg. This behavior is similar to that of the canoni-
cal spin glasses, where it has been shown to be due to the
onset of a quasistatic distribution of fields in the ordered
state. In that case, however, a fraction —,

' of the asym-
metry remains and is gradually relaxed by the "dynamic"
components of the fields, which can thus be separated
from the "static" component. ' ' In the present DMS
case, however, the anisotropy decays to a value below

3 A o in less than 20 ns, imp lying that fast fluctuations
persist at low temperatures and thus that the "spin freez-
ing" (if any) is far from complete in the DMS at tempera-
tures down to 5 K. The relaxation rate A,(T) for T & T
displays critical behavior, i.e., a power-law behavior

in the reduced temperature variable
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quency shifts (in percent) obtained for the dominant signal in
fits to two or three signals of the TF data.

r=T/T —l, as shown in Fig. 6, which extends up to
&=10 at low concentrations. The exponent a obtained
from the data of Fig. 6 is shown in Fig. 7 as a function of
composition x and transition temperature Tg. It is in-
teresting to note that a increases with concentration from
a=0.7 for x =0.3 to a = 1.4 for x =0.5 in the SG region
and has an intermediate value (-0.93) in the AF case.

In Fig. 7 is also displayed the composition dependence
of A,(300 K), the relaxation rate in the high-temperature
limit, which decreases with concentration from about
13.5 ps ' at x =0.275 to a "saturation" value of
5.5~4.5 ps ' for x =0.5~0.65. Assuming that at 300
K the high-temperature limit of the exchange narrowing
effect has been reached' this means that the exchange
frequency co,„ increases with increasing concentration, al-
most linearly in our measurements, to a saturation value
at x ~ 0.50. Insofar as the muons probe the spin dynam-
ics of the host, our main experimental results that (a) Auc-

tuations persist below the transition and the spin freez-
ing is far from complete, (b) critical behavior
with concentration-dependent exponent, and (c)
concentration-dependent exchange narrowing indicate
that DMS's are fairly different from the cononical spin
glasses" or from insulating antiferromagnets. ' We
present our results as experimental evidence that should
be incorporated into any attempts of modeling the DMS
behavior. Similar results and conclusions were reached
in ESR experiments, ' where the extreme line
broadening precluded measurements around the transi-
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tion temperature. A critical behavior was, however, ob-
served by Oseroff, who obtained a=1.5 for x &0.3.
This should be considered in good agreement with our re-
sults, given the large extrapolation required in the ESR
case. Note, however, that the @SR critical exponents are
obtained at zero field. A more recent systematic ESR
study has also shown considerable departure from canon-
ical spin-glass behavior. ' At high temperatures the con-
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FIG. 7. Combined plot of the Tg-x dependence of the critical
exponent a (squares) (right-hand scale) and the high-
temperature limit A,(300 K) (circles) (left-hand scale).

centration dependence of the (Lorentzian) linewidth is
stronger than predicted by exchange narrowing and can-
not be explained by dipolar anisotropy alone in the
Cd& „Mn„Te case. At low temperatures the ESR
lineshape becomes non-Lorentzian, which could not be
explained for example by a Kubo-Toyabe approach. The
required phenomenological internal field would have to
be non-Gaussian and shifted from zero mean. '

An attempt to describe the microscopic origin of the
fields experienced by the p+ can be pursued as follows.
In a perfect CdTe lattice there are two large interstitial
openings that the positive muon may occupy, surrounded
tetrahedrally bg four Cd or Te ions, respectively, at a dis-
tance of 2.607 A. For x ~ 0.5, when Cd ions are replaced
by Mn, at least half of the muons will have one or more
Mn ions as next neighbors. The distribution of dipolar
fields due to the random distribution of the interstitial
muons in a lattice in which the substituted Mn ions are
themselves assumed randomly distributed has been
shown in Fig. 1. The strength of such dipolar fields alone
is not sufficient to account for our results. If we assume
that the fluctuations of the muon spin system are driven
by those of the Mn + spins, given in turn by the exchange
frequency which can be estimated from the known values
of the exchange constants (fuo,„=JNN =ka X10 K) (Ref.
1) to be of order co,„=9X 10" s ', the values of A,(300 K)
(Fig. 7) cannot be due to just the dipolar interaction. If,
conversely, we assume that only an isotropic hyperfine in-
teraction is present, we obtain a hyperfine-constant value
A/A'=600 MHz, similar in value to that obtained for
muonium in semiconductors. Since formation of neutral
muonium in CdTe is not a major effect, we are led to con-
clude that the muon spin in the Cd& Mn„Te lattices is
affected both by dipolar interactions and by the hyperfine
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interaction due to the interstitial unpaired electronic spin
density that plays an essential role in the magnetic prop-
erties of DMS. Such interactions with electrons and di-
pole moments in the random system manifest themselves
as the shifted precession frequency distributions of Fig. 4
in an applied field (TF experiments). The magnitude of
the interactions and their fairly rapid fluctuations prevent
the observation of anisotropy effects or decoupling effects
in applied fields below 1 T in longitudinal field cases.

The above conclusions are valid even if the p+ occu-
pies sites other than the assumed tetrahedral interstitials.
The magnitude of the hyperfine fields detected could, on
the other hand, imply that perhaps the p+ in

Cd& „Mn„Te forms Cd —p+ —Te or Mn —p+ —Te
bonds along preferred crystalline directions, as in the case
for Si and III-V semiconductors. In such cases the p+
would be in a paramagnetic state, i.e., muonium atom,
but, contrary to Si and other semiconductors, no evi-
dence was found for Mu formation in CdTe during this
and previous @SRwork. ' '

The dip region, i.e., the dramatic decrease in A,(T) at
60(T &250 K is not amenable to a straightforward
description in terms of diffusion trapping processes. A

similar minimum in metallic systems indicates trapping
at, for example, vacancies as the muons become mobile as
the temperature is raised, with subsequent detrapping at
higher temperatures. There are, however, definite
difficulties in applying such a picture to the present situa-
tion. The magnitude of the change in A,(T) implies that a
large majority of the muons would need to reach non-
magnetic traps (i.e., negligible relaxation rate) within a
few nanoseconds time, i.e., very fast motion and/or a
large number of trapping sites. An order of magnitude of
(10ps ' for the hop rate of the muons could be extract-
ed from measurements on the Cu-doped sample, for
which the G„(t) displayed a definite nonstatic shape in
the 100-200-K range.

Similarly the muon motion is too slow to explain the
decrease in A,(T) as a motional narrowing effect, and the
A, ( T) minimum is not apparent for x & 0.4. The motional
narrowing in that case is dominated by the spin fluctua-
tions. We are, therefore, left with a puzzle, since the de-
fect and impurity concentration levels in our samples are
very low (i.e., 10' cm ) and the Mn + distribution is
spatially quite homogeneous. ' ' '
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