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Linear increase of the conductivity with the concentration of local defects
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We find a linear relation between the conductivityand the Mn spin concentrationin pure AIPdMn single
grains of high structural quality. We associate the vanishing concentration of Mn (sfzins to 4x10°°
moment$ to local defects in the Mn atoms local environments. Betandx are set by the nominal compo-
sition and can be reversibly tuned by careful heat treatments. We deduce thatdbaracteristics of perfect
AlPdMn quasicrystals can only be observed for concentrations of magnetic Mn lowex#Br 104, i.e.,
for defects more than about 30 A apart. In addition, we show that a Kondo-like effect explains the low-
temperaturer upturn, also linear withx.
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The physical origin of the low conductivity of Al-based were cut in the core of two single grains by spark erosion:
quasicrystal§QC) containing transition metals is still a con- three adjacent barA( A’, A”) in an Al Pth;Mng 5 single
troversially debated question. The main feature is conductivgrain and two B, B") in an Alyo $d»1 gMn; g single grain.
ity values orders of magnitude lower than crystalline alloysPue to composition gradients, albeit tiny, along the growth
and some quasicrystalline alloys can even undergo a puﬂ_lrectmn, we cut the bars pe(pendlculquy to'th|s axis and
zling metal-insulator transitioh? ave measured the composition by inductively coupled

A promising way to understand the electronic propertie#lasma emission spectrometry on samples cut next to them.

characteristic of QC's is the study of the conductivity depen- hsvgaécs)uvlvde ;ﬁr:gtgi:!{)r/vagrr:gatlﬁg l\:jlr? %?na(t:OSnO coen(t:r;ation by

dence when the quasiperiodic potential is perturbed by de;nnying successively various thermal treatments in the order
fects. This is the same challenge as for the residual resistivitytg v/| to any given bar. For treatment I to 1V, a fir8 h step
decades ago in standard metals. But in quasicrystals, it is th& 800 °C results in a single-phasedtate, as observed by
conductivity that increases with the amount of defécts, high-resolution x-ray diffractiofi. Subsequently, we cooled
which is not the least peculiarity of this class of materials.down the samples at the following rates. | at 150 °C/mn, Il at
However, up to now, such a quantitative study could not belO °C/hour, Il again at 150 °C/mn, IV is intermediate be-
carried out, because it requires to detect a vanishing concefween | and Il. Step | was skip for samplés, B, andB’.

tration of local defectga few tens of pprout of reach of ~ Treatments V and VI are low-annealing (500 °C) for 2 and
structural studies. 30 h, respectively, right after a rapid cooling (IV skip).

The rapid cooling ratél, 111) locks thei state, whereas for

. : . the slow one(ll) a superlattice ordereidphase either F2 or
netism ofi-AlPdMn pure samples of extremely high struc- F2M develops for some composition$in contrast the pla-

tural quality (single grains In this compound, almost all the yo4,; annealing of V and VI might be too low for a transfor-
Mn atoms are in a zero-spin stat®Ve find a linear relation ation into E2ME Resistivity was measured with four
betweeno (both its value and the magnitude of the low- propes and the sample shape fadigielding A p/p=3%)
temperature uptujnand the concentration of residual mag- estimated from sample weight and density (5.1 gjcrBue
netic moments. In addition, we explain the |Gwe upturn  tg the small sample siz€0-30 mg and the low moment
by a Kondo-like effect. We argue that Mn spins arise fromconcentration, we measured the magnetization using a super-
defects in the local environment of Mn atoms. It follows that conducting quantum interference device magnetometer of
o increasedinearly with the concentration of magnetically high sensitivity (108 emu). Magnetization measurements
probed defects. Thus, guantitative correlation between and synchrotron radiation revealed no parasitic phase, mag-
transport properties in QC’s and a vanishing concentration ofietic or otherwise.
such defects is shown. Figure 1 shows the temperature dependence(df) and

In the dilute regime of magnetism, it is required to mea-x,(T), measured after each thermal treatment. The suscepti-
sure pure samples to avoid any possible grain-boundary cotpility is x,(T)=M/H— x,, whereM is the magnetization
tribution. So we studied only large single grains that we gremmeasured in a fielti=0.1 T andy, is deduced by extrapo-
by the Czochralski method. Early studies on melt-spun ribdation of M/H for 1/T—0 using a polynomial fit. The mag-
bons have shown that a finely tuned composition arounchitude and thd dependence af are comparable to those of
Al P, Mn, 5 is crucial to obtain the lowest, where the  the most resistive polygraine@inelt-spun samples. Note
typical QC resistivity is observetiSince pure single grains that the barsA, A’, A” cut adjacentely in the same single
cannot be grown at that composition, we chose the closegfrain exhibit closec and x, values when they are in the
available ones. Parallelepipedic barsX(8.5x0.5 mnt) same annealed state.

Here we present a study of the conductivityand mag-
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4x10°% | ’XLIIH FIG. 2. Conductivity at constant temperatufess the concen-
tration x of magnetic Mn. Inset: magnetic contribution to the con-
AV ductivity, « vs In(T) as defined by Eq1).
A"V
2x10° 1 AL o total number of atoms. Taking=2.5>1° we find x=6.3
A X 10~ ° for sampleA”-1l as an example. We checked by mea-
. B suring in a field ten times smaller that the negative curvature
Y= . | of the x,(1/T) was not a high-field induced curvature effect.
0 0.2 04 /1 &Y Similar curvatures were reported previously for other

i-AlIPdMn samples, 12-50 times more magnetic than our
FIG. 1. Temperature dependence of the electrical conductivity less magnetic ot and analyzed by a Kondo effect, due to
(from 4 to 300 K and susceptibilityy, (from 2 to 150 K of the ~ the progressive screening of the localized moment by the
same samples in the same annealed state. Inset: gjl,tdata are  conduction electrons &b decreases. It results in a suscepti-
reported in ay, T /x vs T, /T diagram. The Kondo fits for thg, bility x,/C given by a function ofT and of a Kondo tem-
are represented by solid curves. peratureTy : x,=Cf(T/Ty)/Ty, wheref is found to be al-
most independent o8 in the n-channel Kondo mode(for
The heat treatment leads to reversible results. Treatmept=2s) 11 we analyzed ouy,(1/T) in the same way. Using
Il performed after the slow cooling Il restores theandx,  the exact resultf(0)=0.41072 and the numerical results for
values of treatment |. For ba’, a subsequent intermediate Xp(T)/Xp(O)vll we estimatek and T¢ for each sample, by
treatment(IV) results inc and x,, values in between these takingS=2.5. It allows to superpose all the data on a single
(after I1l) gives similaro and x, values as the slow cooling e find T to decrease from 1.2 to 0.6 K asncreases from
Il. The sensitivity of the magnetization to temperature scang 7 10 19.3< 105, in agreement with the value & : 0.7 K,
is in line with previous exploring studi€g’ reported in Ref. 10 for otheérAIPdMn samples.
The first key result of Fig. 1 is that above a temperature Figure 2 shows the direct relation betweerand the Mn
T ~100 K, o(T) increases withl and the curves are all magnetism. In the plot-(T=constant) v, the o values of
parallel with one another. This is known as the inverseg|| the samples are aligned on a straight concentration line

, . _ 9 Thic e .
Matthiessen rule:o(T)=o0o+Ao(T).” This is the same {or each temperature. Thus, is driven by the Mn spin con-
trend but for the resistivity of dilute metallic alloys. In con- entrationx:

trast with the magnitude of th&-independent ternmoy,
Ao (T) is almost the same for the more resistive icosahedral o(T)=xa(T)+ 8o (T) 1)
i-AlCuFe, i-AlICuRu, i-AlPdMn, and noninsulating
i-AlPdRe samples, whatever their annealing stdte. For a set of temperaturds we have estimated bot(T)
The second result is that the more magnetic the sampleséshown in the inset of Fig.)2and 5o(T) [dotted line in Fig.
the more conductive. 1(a)] from the linear fit of theo(T) vs x curves.
The third one is that all samples lie in the very dilute  The first result of Eq(1) is the existence of a contribution
regime for the spin concentratioq for we findx~10"%. In O (T) that is the same for all samples, even belbw
a first attempt, agx,(T) is not linear in 1T in contrast with The second result is that the sample dependent pari®f
pure paramagnets, we fitted tlyg data fran 2 K up to 100  directly proportional to the concentration of magnetic mo-
K with a Curie-Weiss law:;y,=C/(T+6). Here,C is the =~ ments. The terma(T) can be split between an almost
Curie constantC=xNS+1)(gug)?/3kg WhereN is the  T-independent contributionyy=a(T>T_) observed above
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T, and a strong negative temperature-dependdt) term  frozen by a rapid coolingprocess | and 1)), yielding a more

that occurs below | (see Fig. 2 so that conductive and magnetic state than for a sample either
slowly cooled or annealed at 500 °C, where defects can be
o (T)=80(T) +xag+xK(T). 2) more(ll, VI) or less(lV, V) relaxed. The reversibility of the
magnetic and transport properties observed for the succes-
The termxK(T), which reflects the large upturn beloly , sive treatments |, Il, 1ll, can most probably be accounted for

is simply proportional to the spin concentration. Thus, weby a reproducible concentration of “defects” occurring at a
believe that the dominant effect is not a strong spin-orbitgiven temperature. We outline that the decreasing number of
effect on weakly localized electrons as claimed previotsly. “defects” (by about a factor Robtained by a type Il slow
We propose that it is due to the same spin effgadndo  cooling could be also associated to the local atomic arrange-
type) that explains they,(T) behavior. Similarly as in the ments leading to the superlattice ordering of the F2M phase
case ofy,, it is a one-spin effect sinceK(T) is propor- ~Or to the precursor F2 stateThis is presently under
tional to the moment concentration. Also, theTngype de-  investigation®®

pendence of-(T) over oneT decade(see Fig. 2 is charac- A this step, we stress that E(R) reduces to the inverse
teristic of a Kondo effect. For very dilute alloys, the Th( Matthiessen rules(T) = o+ Ao (T) down to low tempera-
dependence applies fp(T).** But it may apply foro when  tures in the lack of Kondo-like spin effect, i.e., fét(T)
quantum interferences at the origin of a loweredire bro- =0. Thus the dependence of, on the composition and
ken due to the spin flip of the conduction electrons by theannealing observed for other QC’s, suchi adCuFe;' could
Kondo spins, as it is the case for the weak localizatiowe  also be due to a change in local arrangements, unfortunately

note that a more detailed analysis should take into account éndetectable to the level of the present study.
possibleK(T) dependence oifiy . Now, we show that QC's follow the same conductivity

We now turn to the origin of the terma,. Because it is trend as standard amorphous alloys when the mean distance
almost T independent, we discard interpretation related to{r) between magnetically probed “defects” is smaller than
direct interactions between the Mn spins and the spins of thd0 A. In early works, botfr andM have been measured for
conduction electrons. As a consequence, it is a residual com=AIPdMn single grain¥>'” and melt-spun ribborfs}” more
ductivity of nonmagnetic origin, which, however, increasesconcentrated in Mi9—11 at %. Their spin concentration
linearly with the number of magnetic Mn. Thus, we attribute ranges from 7 to 50 times that of sam@ié-1l. As in amor-
this term to the presence of a vanishing concentration ophous alloys, their conductivity depends weaklyTrvaries
local “defects” detected by the Mn magnetism. Our argu_"tﬂe with x and saturates at a value of the order of
ment, which agrees with recent theoretical restfitis the ~ 800—1000 (xcm)~'. It is precisely the value expected for
following. The zero-spin state of almost all the Mn atomsthe conductivity of a typical amorphous metal once normal-
implies that it is the fundamental state of Mn in this type ofized to the density of states b{AIPdMn, which is 1/3 to 1/4
structure. Conversely, the fewness of magnetic Mdswn ~ the estimated free electron valtfe. Here, the o
to 3.7x10°° times the number of atoms, i.e., k30 * of =~ =1000 (Acm) ' saturation value is reached for=5
the total number of Mn atomssuggests the occurrence of X10™* ((r)=30 A) from a crude linear extrapolation of the
magnetism to be due to variations in the local environmentso (x,T=300 K) curve of Fig. 2.

We expect the Mn atoms to be sensitive to most of these Finally, let us discuss the possible microscopic origin of
fluctuations since Mn are about one every 12 atoms, anthe different contributions ter. From Eq.(2) and following
magnetism is predicted to be sensitive up to middle rang®ef. 1, it is tempting to writeoc(T) as a function of 1,
order* We call “defects” any local departure from perfect wherer stands for the various scattering electronic times. It
local environments, which does not imply necessarily topods in line with the weak localization hypothesis, where the
logical defects. Indeed they can be point defects such aglectronic coherent interference pattern is destroyed at a rate
vacancies but also chemical substitution of an atomic speciel'r,,, arising from phonons, Kondo spins .. These ef-

by another one, for instance, to accommodate a departufects, clearly identified in-AIPdMn,*® may account in part
from an ideal composition, or local change accounting forfor the T dependence oé. However, theo increase with
subtle phase differenddéike ico vs F2M). defects calls for an additional interpretation, which should

This is supported by the following experimental facts.take into account the role of transition metéldM). These
First, bothx and o are very sensitive to the chemical com- are known to strongly scattsip electrons, affect the density
position. This suggests that low values @fand x can be  of state$® and yield unusual high resistivity in QC’s. At three
obtained only from a finely tuned average composition todimension, an icosahedral cluster of second neighbors TM
enable the best local chemical order. But, even for an optiatoms plugged into an Al jellium results in a resonance effect
mized composition, some local chemical fluctuations mightin the density of staté® It follows an electronic confinement,
occur. Then, we expect the electronic properties to dependith electrons trapped for an unusually long time in cluster-
primarily on the concentration of such residual “defects.” induced states. A TM atom removal off the cluster reduces
Striking enough, the data for any given bar, that is at a consignificantly the resonance effétThis confinement effect
stant composition, obey Ed1) whatever the cooling. In pertains to the conductivity results anAlMnSi and « Al-
other words, for each temperatuke,ncreases linearly with ReSi approximants known to contain such TM
magnetically probed local “defects.” We propose the follow- icosahedra®? The icosahedral symmetry of the Mn atomic
ing scenario: such defects present at Higi800 °C) can be positions ini-AlPdMn?* should imply the same type of con-
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finement. Thus the conductivity termyy could originate tematic measurements on the very same samples in the same
from local “defects” in the Mn arrangement, which free the annealed state, can turn the sample dependent magnetization
confined electrons. Consequently, the number of free-likénto a probe of local defects down to very low concentration.
electrons, or the time of nonconfinement, should increasgrom this study, we conclude that a lawis characteristic of
with the amount of such “defects” in the dilute limit. Clearly perfect AlPdMn QC7 and this can be observed On|y for a
in |-A|PdMn there remain SUfﬁCient nonfully Confined eIeC' defect concentration lower than 500 ppm, i_e_' defects more
trons atT=0, even for vanishing magnetically detected de-than about 30 A apart. This distance turns out to be compa-
fects, to contribute to the nonzetgy, term (see Fig. 1 rable to the size of few clusters in QC’s. The lewalue is

In summary, we have shown a linear relation between the, 5greement with recent theoretical results supporting an
conductivity o and the concentration of magnetic moments,g|ecironic confinement induced by specific local icosahedral

which can be finely tuned by the sample composition andyironment£° this confinement being destroyed by local
heat treatments. This strong sample dependence of the progafects.

erties explains the large range af values [o3p0 «
=300-1000 (2cm)~ 1] in the literature, that we relate to We acknowledge M. Capitan, F. Hippert, D. Mayou, and
defects probed by Mn magnetism. Indeed, we show that syss. Trambly de Laissardie for fruitful discussions.
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