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Ground state of giant moments associated with Fe impurities in Pd

K. Swieca, Y. Kondd;, and F. Pobell
Physikalisches Institut, Universit@ayreuth, D-95440 Bayreuth, Germany
(Received 2 April 199y

We identify the isolatedjiant momentsssociated with Fe impurities in a Pd matrix as a spin-fluctuation
system with a spin-fluctuation temperature=e50 mK. This conclusion is achieved from the temperature
dependence of the resistivity of 2.5 and 16 ppm Fe containing samples, extracted from the real part of the ac
electrical impedance measured at 0.1¥K<600 mK, 0.1uT<B<10 mT, andf=175 Hz. The effect of
giant moments, which interact with others, on the resistivity is also discussed. The imaginary part of the ac
electrical impedance, which is proportional to the ac susceptibility, reveals spin-glass freezing at around 1 mK,
two orders of magnitude smaller than the spin-fluctuation temperature. This spin-glass freezing is confirmed by
the characteristic slow relaxation of dc magnetization below the spin-glass transition temperature.
[S0163-182697)09634-3

I. INTRODUCTION It turns out to be very difficult to achieve isolatgiant
momentsassociated with Fe impurities in a Pd matrix be-
The formation of local magnetic moments ofl 3npuri-  cause of the interactions among them. Even our very dilute

ties, especially Fe atoms, in nonmagnetic host metals hsgamples are not free from interactions as we will discuss
been attracting a lot of attention and is still a very activelater. When Fe impurities are distributed randomly in a Pd
field! because of its practical as well as scientific importancematrix, the number-density probabili§(r) that the nearest
Even if an impurity in a host metal forms a local magnetic Fe impurity can be found at distances
moment, it sometimes loses its moment at low temperatures

below a certain characteristic temperattire the case of B 2 am
certain impurity-host combinations, this characteristic tem- P(r)=nedmrex —no?r
perature is estimated to be above the melting temperature of

the host metal: The impurity in the host is always nonmagWheren, is the Fe impurity number density &fdFe. This
netic. Most of so-callednagneticimpurities are expected to calculation is a continuous medium approximation which can

be nonmagneticat 0 K. In this work, we investigate Fe im- be justified for samples with small Fe concentrations. A
purities in palladium in the low-temperature limit to seek its Similar discussion was made by Jaccarino and Walk&he

ground state. number density of isolated giant momenmts is estimated

Palladium is an exchange enhanced metal and close to thgm the number density of Fe impurities that are separated
ferromagnetic transition, which means that magnetic properﬂ'om all other Fe impurities with a characteristic distance
ties of Pd are very sensitive tal3mpurities®* Fe impurities  I=rr. We introduce the new length scalg, which will
polarize the surrounding Pd matrix: The polarization is fer-be justified in Sec. IV. We expect that is only weakly
romagnetic and decays exponentially at short distance, whillemperature dependent singg is logarithmically tempera-
it is oscillatory at long distanceThe strength and the range ture dependent. Therefore, we assume thds constant in
of the ferromagnetic polarization near Fe impurities werethe temperature range from 0.1 to 600 mK of our measure-
studied from the Fe concentration dependence of the ferranents.n, is calculated from
magnetic tregl;lsition temperature of samples with more than A
800 ppm Fe:’ The range ¢, of the ferromagnetic interaction * T 4
is weakly (logarithmically temperature dependent and is nl:nofr P(r)drznoex;{ —no?rc). 1.2
about 5 nm at 100 mK-8 The complex of Fe impurity plus ¢
ferromagnetic polarization cloud is recognized agiant  This function is plotted for different. values in Fig. 1. For
magnetic momenfiyy~10ug.%*° The oscillatory interac- comparisonny is also shown. The largest’s are obtained
tion at long distance was confirmed by NMRef. 11) and  for rather dilute samples witk~5 to 30 ppm. To minimize
muon spin rotation experiment$.This oscillatory interac- the contamination by interacting giant moments, one has to
tion with the anisotropic dipole interaction lead to a spin-practically investigate samples with as small as possible im-
glass transitioh’ at millikelvin temperatures for samples purity concentrations, and thus minute effectsgant mo-
with less than 200 ppm Fe impuritié%**15The spin-glass ments
freezing temperatureT; is reported as T{/x=0.19 We have measured the ac electrical impedahad very
mK/ppm1° wherex is the Fe concentration in at. ppm unit. dilute samples with a SQUID as a preamplifier. The resistiv-
We discuss here the ground state of isolated giant momentty p can be obtained from the real part Rp6f the imped-
from the temperature dependence of the resistivity betweeance, while the changes in the imaginary partdydre pro-

0.1 and 600 mK at 0.LT<B<10 mT. In addition we in- portional to the ac susceptibility changes: This is a great
vestigate the properties of interacting giant moments. benefit for our investigations since we discuss the resistivity

(1.2)
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FIG. 1. Number density, of isolated giant moments as a func-  FIG. 2. Temperature dependence of the resistivity of the[2)5

tion of Fe concentratiorx. It is calculated from Eq(1.2) with and 16 ppm(V) samples at zero field.= 175 Hz. The solid line is
r.=5,7,9, and 11 nm. The dashed line is the total Fe number dery(T)=c,p{T/T1) + Copsf(T/ Tery) With To=250260 mK, T
sity, No. =15(30) mK, ¢,;=1390(290) 2cm, andc,=330(85) gcm for

the 2.5(16) ppm sample. The inset shows the normalized tempera-
changes caused by magnetic impurities. From the temperaure dependence of the resistivity 6bles(solid line) and Kondo
ture dependence of the resistivity, we conclude that the isodotted ling alloys as a function of reduced temperatareT/T;.
lated giant moments are a spin-fluctuation system with a

spin-fluctuation temperatur€,~250 mK. The ac suscepti- iy our previous publicatichexcept for a small difference in
bility shows the spin-glass freezing in the samplesTat the measurement frequenty75 Hz instead of 159 Hz in our
which is two orders of magnitude smaller theg. We con-  previous work and larger excitations because of larger RRR
firm this spin-glass freezing from the characteristic slow dc(gg instead of 15 We note here that the so-called “zero”
magnetization relaxation beloll; in addition to the behav-  fie|d is of the order of 0.JuT with which pgmB<kgT can be

ior of the ac susceptibility. satisfied even at 0.1 mK.

Il. EXPERIMENT .
C. Setup Il: Magnetic measurement

A. Sample For the magnetic measurements, one end of the 1 mm

Our two samples were prepared from commercially avail-diameter wire with 2.5 ppm Fe impurities is squeezed to a
ablepure Pd (Ref. 179 with Fe concentrations of 2.5 and 16 Cu sample holder with a Cu screw. The direction of the
ppm. Impurities are analyzed by two complimentary meth-magnetic field is along the wire and thus we can ignore the
ods: mass spectroscopicand susceptibilii analysis at diamagnetic effect. An astatic superconducting pickup coil is
T=1.6 K. The susceptibility analysis counts the totalwound on a Teflon tube into which the other end of the
amount of magnetic impurities although their species cannatample is inserted till the middle of the pickup coil. The
be known, while the mass spectroscopy can identify the spaneasurements are performed with a SQUID. The samples
cies although the absolute value might not be very reliableare surrounded by a series of magnetic shields and a static
because of the small amount of impurities. The spectroscopimagnetic field coil as in the case of the impedance measure-
analysis identifies Fe impurities as the only significant magments to obtain a low magnetic field.
netic impurity, while the susceptibility determined their
amounts. The results of the susceptibility analysis for our
samples are reported by Herrmanndeoet all® A small
error in the Fe concentration determination does not alter our We employ a nuclear demagetization cryoStéor both
discussions. the impedance and dc magnetization measurements.

The samples for the ac electrical impedance measure-
ments are thin foils of typical size of 202x0.1 mn?,
which were prepared from a wir€@.5 ppm or a rod (16 Il RESULTS
ppm), without any further heat treatments. The surface of the A. Resistivity
samples was chemically etched to remove contaminations.
The residual resistivity ratioRRR) is 80 for both samples.
The skin depth is larger than the thickness of the samples

D. Cryogenics

The resistivity data at zero field for both samples are
éthown in Fig. 2. Note that the resistivity value extrapolated

all temperatures of our measurements. The sample for the dg zero temperature is referred to as zero in this work. The

magnetization measurements is a wire of 1 mm diameter aréa&stwny IS °.°”eCte§' by subtragtmg the Pd matrix contribu-
received tion which is 30“ (pQcm/T9) as taken from the

literature®®?! This correction is negligible below 1 K. The
temperature dependences of the resistivity of the two
samples are similar, but the sample wi#iss Fe impurities

For the electrical impedance measurements, the expershows aarger temperature dependence than that waitbre
mental setup is the same as the one which we have describ&@ impurities.

B. Setup I: Impedance measurement
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FIG. 3. Temperature dependence of the resistivity of the 2.5 FIG. 5. Temperature dependence of the imaginary pa)wf
ppm sample at zer(), 0.05(0), 0.25(®), 0.5(¢), 0.75(V), and  the impedance of the 2(&) and 16(C1) ppm samples at zero field
6.6 (*) mT. The solid line isp(T)=c1p{ T/ Tt1) + Copsi(T/ T2 and f=175 Hz, which is proportional to the ac susceptibility
with T=250mK, Tg,=15mK, c¢,;=1390 flcm, and c, change. The solid line is a fit to the data of the @.6) ppm sample
=330 fdcm. The dashed and dotted lines arp(T)  With Im(2)=A+C/(T-©), where®=—5(-0.5) mK for the 2.5
=C1pT/Ts) +Co and p(T) = Cop<( T/ Tp), respectively. (16) ppm sample. The data are vertically shifted so that0.

fits to the data with a Curie-Weiss law, IBEA

The effect of a magnetic field on the resistivity is inves- +C/(T—0) between 10 and 100 mK. We shift tiyeaxis so
tigated for the 2.5 ppm sample; see Fig. 3. In this work, the[hatAzo in Fig. 5. '

field is applied at high temperatures and then the sample is A magnetic field ShiftsT .o towards higher temperatures,

.COOled down if ?t is_ not mentionr_ed_s_pecially. When increas-as shown in Fig. 6. Similar behavior was observed before for
ing the magnetic fields, the resistivity deviates at low tem'?dFe sample&°

peratures from that at zero field. The resistivity is constant a
low temperatures. The resistivity at all fields, however,
merge to that at the zero field above 50 mK. The field de-
pendences of the resistivity at different temperatures are It is often reported that a maximum in the temperature
shown in Fig. 4. We observe the largest field dependence alependence of the ac susceptibility is not sufficient evidence
0.18 mK, while the resistivities af=56 mK are constant for a spin glass freezintf. Therefore, we checked the time
below 2 mT. response after switching on a field of 200 following the
zero field cooling. The results are shown in Fig. 7. Because
of the time constant of the persistent switch for the magnet,
B. ac susceptibility the response during the first 100 s cannot be measured. Af-

The ac susceptibility of the samples can be obtained fronjerwards the magnetization changes slowly, which is typical
the imaginary part of the ac electrical impedaficEhe ac  fOr @ Spin glass.
susceptibility at zero field shows a maximum at
Tpea=0.85(3.5) mK for the 2.5(16) ppm Fe sample as IV. DISCUSSION

shown in Fig. 5. This maximum is identified as the signature \yg giscuss our observations in terms of spin fluctuations
of the spin-glass transitiolf:1**5The solid lines in Fig. 5 are of magnetic moments in Coles allo$in this case fluctua-

C. dc magnetization
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FIG. 6. Temperature dependence of the imaginary part of the
FIG. 4. Field dependence of the resistivity of the 2.5 ppmimpedance of the 2.5 ppm sample at zero figld, 0.05(®), 0.25
sample at 0.180), 12(V), 30(@®), 56 (X), 76 (A), 110 (+), and (¢), and 0.5 ) mT andf=175 Hz. The inset shows the field
170(¢) mK andf=175 Hz. dependence of o See text for more details.
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moments?® we only consider two kinds of giant moments:
isolated ones and those which interact with only one other
moment. Giant moments which interact with more moments
have very small spin fluctuation temperatures and thus will
give only a constant offset in our data. According to this
hypothesis, the data are analyzed with

P(T)=C1psT/Tst1) + Copsd T/ Tet2). 4.7)

Magnetization [arb. units]
A

0 . . c1 (cy) is a scaling factor for isolated giant momergsant
102 0® 4 10° moments interacting with only one othewhile T (Tgt)
time [s] is the spin fluctuation temperature for isolat@adteracting
giant moments. Equatiofd.1) reproduces the temperature
FIG. 7. Relaxation of dc magnetization after switching on adependences very well as shown by the solid lines in Fig. 2.
magnetic field of 2QuT at 75 uK following zero field cooling. We obtain Tg=(250+30) mK, Tg,=(15+10) mK,
€;=(1390t 150) fdlcm, andc,=(330+100) dcm for the

tions of giant moments. A Coles alloy is an alloy that exhib-2-> PPM sample. The resulis,> T, is consistent with

its a characteristic logarithmic increase of resistivity with ur hypothesis. In the case of the 16 ppm sample,
increasing temperature, which is opposite to a Kondolsin=(260=30) mK, Tg,=(30+10) mK, c;=(290+50)
alloy 223 The normalized resistivitp(t) of Coles alloy as a P{}cm, andc,=(85=5) p{icm. The agreement oy, and
function of reduced temperature T/ T can be found in the  Tsr2 for the two samples supports our analysis. Spin fluctua-
literature??*?4it is reproduced in the inset of Fig. 2. Both tion temperatured s were found to be about 100 mK for

the behavior of Coles and Kondo alloys can be explained by’ dCo™~"and 400 mK forPtFe.***"Since in both cases the

the spin fluctuation mod® and thenT is equivalent to the NOSts are also exchange enhanced, and trlle moments caused
Kondo temperaturd .>* by the magnetic impurities, 10; for Co in Pd* and 8ug for

In our previous publicatiof,we have already discussed Fe in Pt.° are giant moments as wells~250 mK forPdFe
the spin fluctuation effect of Fe impurities in a Pd matrix. IS quite reasonable. o _
We realized this effect from the observation that the resistiv- The field dependences of the resistivity at different tem-
ity decreased when the temperature was lowered from 1.6 tBératures shown in Fig. 4 are consistent with our hypothesis.
0.5 K. We obtained a spin fluctuation temperature muctt T=170, 110, 76, and 56 mK which are all higher than
higher than those reported before by Mydbsind Riegel Tsr2, the resistivity is constant up to about 2 mT. This result
et a|_25 Th|s discrepancy was mysterious for us at that time_can be understood as fOllO\ﬁghe Spin fluctuation effects of
Since we had a possible complication by clustering of gianinteractinggiant momentsre already suppressed by the high
moments(which was discussed, tban our previous mea- temperaturesT>2Tp) and thus the magnetic field has no
surements, our discussion was not very Convincing. Thereeffect on the reSiStiVity. On the other hand, the effects of the
fore, one of the motivations of the present work is to check ifmagnetic fields on the spin fluctuations of isolated giant mo-
our previous discussion of spin fluctuation effects is correcfnents are still small since the magnetic field is not large
or not, with less complication by clusteririn other words, ~€nough. We estimate the characteristic magnetic fizid
by investigating samples with far less Fe impurities which corresponds  to Tg;  from  pugnBe~kgTer: ™

We also discuss the difference between the characteristsr~30 (3) mT for isolated(interacting giant moments.
times in the resistivity and ac susceptibility measurementsThese values are in good agreement with the observed
This difference leads to two characteristic length scales threshold of the magnetic field¢ 1 mT. At T=30, 12, and
andrg, which were introduced before. 0.18 mK (=Tgp), the magnetic field influences the resistiv-
ity even below 1 mT. The effect is larger at lower tempera-
tures as expected froify,~20 mK. The different effects of

The temperature dependence of the resistivity shown im magnetic field on the isolated and interacting giant mo-
Fig. 2 cannot be described wii{T/Tg) of Coles alloys ments can be more clearly seen in the temperature depen-
alone. This is also obvious from the fact that the more condence of the resistivity at 0.5 mT<(B,). The field of 0.5
centrated sample shows a smaller temperature dependencel quenches the spin fluctuation effects of interacting giant
As we discussed in Sec. |, interactions among giant momentmoments, while it has almost no effect on isolated ones, as
may not be avoidable even in our very dilute samples. In thislemonstrated in Fig. 3. The temperature dependence of the
case, the temperature dependence of the resistivity may imesistivity at 0.5 mT is well described by the effect from
clude the contribution from isolated as well as interactingisolated giant momentpc,ps(T/Tgq)] plus that from the
giant moments. The resistivity change per magnetic impurityquenched interacting giant moments,Y. This agreement
due to spin fluctuations can be larger at smaller impuritysupports our hypothesis.
concentration, as it was found for magnetic moments in According to theoretical predictiotf,a magnetic field in-
noble metal hostsAuFe?® and transition metal hosts, fluences the ground state of a Kondo system in the similar
RhFe?” PtMn,?8 because of their interactions at larger con-way as a thermal fluctuation does. This implies that the free
centrations. Since the spin fluctuation temperature of interenergyF which describes the impurity state has a universal
acting spins decreases when it interacts with more othecharacter:

A. Resistivity
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line) and thatn, of interacting with-only-one-othgdotted ling for
FIG. 8. Comparison between the temperature dependence of the=9.6 nm as a function of concentrationcalculated with Eqgs.
resistivity (O) at zero field (Bgs,) and its field dependend®) at  (1.2) and (4.4). The results of Monte Carlo calculation are shown
0.18 mK (< Tgp). with W (O) for n; (n,). c;'s (@) andc,’s (O) obtained in Fig. 2
are also shown with the right side axis.

lim F(T,B;D,J)=TH(T/Ty,H/T), 4.2 . . .
T,é@ ( ) (T ) “2 We also performed Monte Carlo simulations with

r.=9.6 nm to obtaim; andn, as shown in Fig. 9. For these
whereD, J, Ty, andf are a momentum cutoff of excitations, calculations, Fe impurities are randomly distributed in the
a coupling constant between conduction electrons and impuec Pd lattice. The criterion for isolated and interacting-with-
rities, a characteristic temperature which is a functiorDof one-other giant moments are the same as in the previous
andJ, and a universal function, respectively. Although this paragraph. We obtained essentially identical results as in the
relation is for Kondo systeni$, we believe that it is also previous paragraph for the simpler approach.
applicable for spin fluctuation systerfisWe compare the We expect that;=n;, wherei is 1 or 2. Therefore, the
temperature dependence of the resistivity at zero fielébtainedc, andc, from the temperature dependence of the
(<Bg) and its field dependence at 0.18 mK<Ts,) as  resistivity can be compared with, and n,, respectively.
shown in Fig. 8. We only compare the low temperature andSuch a comparison is performed in Fig. 9. As one can see,
low field data in order to satisf§y,B<D. It seems that the the observed concentratiardependence af; andc, for the
theoretical prediction is correct. We find two samples can well be reproduced whep=9.6 nm is

assumed.

p(T.B)=p(\(B/By- "+ (T/Te?). 4.3
B. ac susceptibility
This small difference between the magnetic and thermal ef-

fects may not be very surprising since there is a subtle dif- It IS surtr_)rrzlgg a_':_ f,'rSt thah We can t?]bs?rve a stpm-glass
ference between them. The magnetic field excites from thg.eez'ntg ad b Sfé fSTUSlj?_'y cover the emp?La gretr]re—
ground state only excitations which have maximum spin fo3!Me at and abové; or Ty . - HOWEVer, We argue like in tné

a given energy. The temperature, on the other hand, excit{f‘se of canonical spin_gla_s§emat_ there is a com_petition
all of them?3® ' etween the interimpurity interactions and the spin fluctua-

Within the framework of then; calculation given in Sec. tions. This competitiqn enablgs the magnetic moments, at
I, we evaluaten,, the number density of Fe impurities which least partly, to free_ze Into & Sp'nfglaSSTagTSf' This can be .
are interacting with only one other Fe impurity. We first note_under;tgo_d from Fig. 1. Some g|an.t moments are |.nter_act|ng
that Eq.(1.2) can be reformulated to; =n, exp(-V,ng) by in resistivity and those are magnetic evermat T; wh|cr_1 is
noticing that 47r2/3 is a volumeV, where a second giant not very far fromTg;, (above the curve corresponding to

moment is excluded. Them. can be written r-~10 nm in Fig. 3. We also point out the difference be-
' 2 ' tween the interactions in the canonical spin glasses and in

. PdFe. In the case of canonical spin glasses, the most impor-
n,= nOJ noexp(— V(r)ng)4=r2dr, (4.4 tant interaction is a RKKY interaction which decays approxi-
0 mately asr ~3 with distance, while in the case &fdFe the
) ) central ferromagnetic part of the interaction decays exponen-
whereV(r)=2f[’2rc7-r( Jri—t?)?dt is a volume from which tially. This impliges thatpthe range of the ferromagnetic inter-
a third giant moment is excluded when the second giant moaction depends only logarithmicallyveakly on temperature
ment is at the distanaefrom the first one. We note that Eq. in the case oPdFe, while it depends more strongly on tem-
(4.4) is well approximated withn,=ny(Ving)exp(Vang), perature in the case of the canonical spin glasses. We point
whereV,~1.5V; can be considered as the averaged volumeut that the ratidl'; / T; is not relevant quantity, but the ratio
that a thirdgiant moments excluded from the interacting of the interaction ranges a; and T is relevant.
giant moments® n; andn, are plotted as a function of the In our previous publicatiofiwe have discussed the spin-
Fe concentration witlh,=9.6 nm in Fig. 9. cluster glass freezing for air 150 ppm Fe sample and pro-
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posed a method to estimate the size of the cluster and theusceptibility. The characteristic tinte of the resistivity is a
internal field B;. The temperaturdl .., at which the ac mean free path divided by the Fermi velocity of conduction
susceptibility shows a maximum, can be described with  electrons(of the order of 10* s),2 while the characteristic
time 7, of the ac susceptibility measurements is the inverse
Tpeai= 4. N VB +Bf(MK/mT), (4.9  of the measurement frequen@yf the order of 102 s in our
where an infinitelv lar in number —14 in- measuremen)sThe _Ionger the waiting time, t_he more prob-
steZdeo? 10s (Reei‘/. ;]gz:resgssuumegj.eBia?g)TesenlthBa[n in- able a system is d!sturbed by phon_ons. I_t'lmphes that the
ternal field andN, is the size of a cluster. We apply this stronger an interaction between two impurities is, the longer
equation for the 2.5 ppm sample.This function with the c_o_rrelatlon_tlme can be expected. Therefc_)re, a stronger
N.=0.5 andB;=0.4 mT is plotted as the solid line in the CONdition for giant moments to be correlated in the ac sus-
incset of Fig. 6.|The very larg, (compared t®,~1 mT for ceptibility is necessary than that in the resistivity measure-

the 150 ppm sampfeindicates a strong anisotropic energy, Ments:re<re.

presumably from the Pd matrix. This strong anisotropic en-

ergy may explain that; /x for the 2.5 ppm sample is larger V. SUMMARY
than that of the 16 ppm sample. See also the discussions by

Herrmannsdder et all° Although N,=0.5 seems to be far . Pd matri dentified in fluctuati ¢ ith
from 1, we believe that th& ., data are consistent with no Isn . ﬂmatrlxt_are!{ ent Iet aéaigsgf;é‘ IOEy_?hem Wi 3
clustering for the 2.5 ppm sample in ac susceptibility mea- pin fluctuation temperatures —omi. The groun
surements. state of Fe impurity B0 K is nonmagnetic. We.also observe
a spin-glass freezing at a temperature which is two orders of
magnitude lower than the spin-fluctuation temperature.

We introduce two characteristic length scales in order to
Our model calculation might be criticized to be too crude,understand the resistivity and ac susceptibility behavior.
since it is based on an all-or-nothing approximation whereThese two different characteristic length scales are based on
giant moments are divided into two groups: those isolatedthe very different characteristic times for those measure-

and the others interacting. We, however, argue as followsments:~10 # s for the resistivity and~10 2 s for the ac
The strength of the interactions among spins and the thermalusceptibility.
fluctuations must be compared. As long as the interaction is
stronger than the thermal fluctuation, one must take the spins
as interacting regardless of their strength. This implies that
there is a relatively clear cutoff which divides isolated and We wish to thank T. Herrmannsder, S. Rehmann, and
interacting giant moments. H. Uniewski for contributions to the experiments. This work

In order to understand both the resistivity and ac suscepvyas supported by the Deutsche Forschungsgemeinschaft
tibility behavior, we have to introduce two length scales, through Graduiertenkolleg Po 88/13 and Sonderforschungs-
andrg. We justify these two length scales from the differ- bereich 279, through the HCM-LSF-Programme of the Eu-
ence between the characteristic times of the resistivity and aowpean Union.

The isolated giant moments associated with Fe impurities

C. Characteristic times
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