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The magnetic properties of icosahedral Al-Pd-Mn phases have been investigated by studying a large set of
samples, including single crystals and polycrystalline ribbons. The composition and strictire ©r Fop)
of each sample have been determined. Composition changes and thermal treatments lead to a wide range of
magnetic susceptibility variation(by a factor around 55 The comparison of susceptibility data for all studied
samples, as well as for literature samples, shows that the temperature dependence of the magnetic susceptibility
exhibits a universal behavior, whatever the structural state, composition, and thermal treatment. It can be
accounted for by a Kondo effect gradually affected by magnetic RKKY-type interactions as the concentration
of magnetic Mn atoms increases. The magnetic Mn atom concentration is small, ranging fro@r03%8or
the less magnetic sample studied up t& 202 for the more magnetic one—i.e., much less than the Mn
concentration in the icosahredral phase3(x 10™2). It varies with thermal treatments and depends strongly
on the composition of the icosahedral phase. In particular, the magnetic properties are found to evolve along
the growth direction of a large single grain obtained by the Czochralski technique in relation with composition
variations.
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I. INTRODUCTION moment formation in Al-Pd-Mn and Al-Mn quasicrystals and
approximant phases has been established by theoretical
The magnetic properties of quasicrystalline icosahedrastudies??~2* These predictions could be confirmed in the
Al-Pd-Mn phases have attracted much attention. The pressase of approximant phases where sites occupied by mag-
ence of localized moments is revealed by Curie-like termsietic Mn atoms could be identifi€d-?’ Let us recall that
in the temperature dependence of the magneti@pproximants are periodic phases, with large unit cells and
susceptibility'™*2 In contrast, most Al-based quasicrystals structures closely related to that of quasicrystals, which can
(QC’s), such as, for instance, in Al-Cu-E8Al-Cu-Co®and  be described as packings of icosahedral clusters, also consid-
Al-Pd-Re system&® exhibit a nearly temperature- ered in quasicrystalline structural models. However, in the
independent negative magnetic susceptibility and hence ncase of quasicrystals, the identification of magnetic Mn at-
localized moments. oms remains a very difficult task because their atomic con-
The Curie terms measured in icosahedral Al-Pd-Mncentration never exceeds a few f0and even can be as
phases are much smaller than those expected if all Mn atomsnall as 3.& 10 ° (as shown hereafter
have a spin valu&=5/2. This is due to the fact that most of = Despite a great amount of works devoted to the magnetic
the Mn atoms are nonmagnetic, as is proved from nucleaproperties of Al-Pd-Mn icosahedral phase$® the param-
magnetic resonanceNMR) studies'’ This behavior is in  eters determining the magnetic Mn concentration are still far
strong contrast with that of liquids in equilibrium with these from being completely understood. By analyzing the litera-
phases, where most of the Mn atoms are magntic. ture data, it is clear that relatively small composition varia-
In view of the small Curie constants measured in icosations, within the reduced existence domain of the icosahedral
hedral Al-Pd-Mn phases, it is first necessary to examinghase in the Al-Pd-Mn systeffi:?° affect strongly the mag-
whether the Mn atoms which are magnetic are located in theetic Mn concentration. However, uncertainties in composi-
quasicrystalline phase or in foreign phases, undetected itions impede one in determining accurately the link between
structural studies. The observation of spin-glass transitions @he composition of the icosahedral phase and the magnetic
low temperaturga few K or les$ in several samples sug- Mn concentration. For a given composition, the magnetic
gests that magnetic Mn atoms are diluted in the QC phaskln concentration is modified by thermal treatméfis?*°
and coupled through indirect Ruderman-Kittel-Kasuya-but, under different annealing treatments, the icosahddral
Yoshida (RKKY) interactions mediated by conduction phase can transform into so-calléd, or F,,, structures
electrong">19-21Als0, in NMR experiments, the broadening which are respectively diamond and cubic six-dimensional
of the ?’Al resonance line, observed through a temperaturé6D) superlattices of the icosahedrl phase’**? The re-
decrease, results from magnetic Mn atoms located within thepective influences of thermal treatments and structural states
icosahedral phaset’ on the magnetic properties are not well identified.
The existence of magnetic Mn atoms in the quasicrystal- Also, the temperature dependence of the magnetic suscep-
line structure must be related to particular environments. Thébility is not completely explained. Surprisingly, a Curie
influence of local and medium range atomic structure orlaw, expected for localized moments without any magnetic
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interactions, is not obeyed in the case of samples with a verp grown by the Bridgman techniqi# All the pieces(bars
small concentration of magnetic momeftdn the literature,  or disks, thickness smaller than 1 mm, weight 0.02-0.2 g
a Curie-Weiss law has often been used to analyze the temvere cut perpendicularly to the growth axis of the single
perature dependence of the magnetic susceptibility althouggrains. In the case of single-graB) several pieces were cut
its validity seems questionable. First of all, the fitted param-at various distancesfrom the initial seed37, 33, 32, 6, and
eters depend on the analyzed temperature résgg for in- 3 mm, respectively, for sampl&-a—B-e). PiecesF-a and
stance, Ref. 10 Second, the obtained Curie-Weiss tempera+-b were cut, respectively, at the bottdend of growth and
tures are too large to be explained by magnetic RKKYat the top(beginning of growth of single-grainF.
interactions, at least for the less magnetic samples. In several Within the accuracy of x-ray diffraction, any secondary
previous works*?>?’we proposed to explain the tempera- phases were not detected in the studied samples. However, a
ture dependence of the magnetic susceptibility in Al-Pd-Mnvery few small precipitates of approximant phases were ob-
icosahedral phases by a Kondo coupling between localizegerved on polished sections by scanning electron microscopy.
Mn moment and the conduction electron spins. HoweverBecause approximant phases in the Al-Pd-Mn system are
this hypothesis was only tested for a restricted range of mageither nonmagnetic or, at least, only weakly magn&tsch
netic moment concentrations and the possible influence af small quantity of precipitates cannot influence the observed
interactions between magnetic Mn atoms was not examinegnagnetic properties. Besides, a ferromagnetic impurity
The difficulties encountered in getting an overall under-phase, mostly located at the sample surface, was detected in
standing of the magnetic properties of icosahedral Al-Pd-Mrall samples through magnetization measuremésge Ap-
phases come from the fact that, in most previous studiesendix A).
only one or a very few samples were investigated. Then un- All thermal treatments have been performed under high
certainties in composition, and sometimes in the structuralacuum (107 hPa) in alumina crucibles. The procedure
state £, F,, orFyy), as well as difficulties in analyzing the called slow cooling(SC) in Table | consists in a heating at
temperature dependence of the susceptibility, make comparg00 °C for 2 h followed by a cooling to either 600 or 500 °C
sons between magnetic data of the literature rather unsatigt a rate of 10 °C per hour. This type of thermal treatment is
factory. In the present work we have undertaken a systematigxpected to favor structural transformations iftp or Foy,
study of the magnetic properties of icosahedral Al-Pd-Mnstates for adequate compositions. As neither the composition
phases by studying a large set of samples. They includgange nor the kinetics of these structural transitions is accu-
single crystals and polycrystalline ribbons. Their icosahedratately known, we have applied the same slow cooling proce-
structure is eitheF, F, or F5y . By changing compositions  dure in all cases. In the procedure called rapid coolRG),
and by applying different thermal treatments, we could spafhe QC piecesor ribbong were heated at 800 °Crf@ h and
a wide range of variation of the magnetic moment concensybsequently cooled to 600°C within less than 2 min by
tration, by a factor around 55. The compositions, thermatemoving the furnace. This fast cooling procedure should
treatments, and structures of the studied samples are dgnpede structural transformations. Let us note that, prior to
scribed in Sec. Il and their magnetic properties are presentele thermal treatments described in Table |, the pieces ex-
in Sec. lll. By comparing susceptibility data for all studied tracted from single crystals, B, andC were first annealed at
samples, as well as the literature data, we could demonstraggo °C for 72 h.
that the temperature dependence of the susceptibility exhibits Because of a noncongruent melting, both the liquid and
a universal behavior whatever the structural state, composkolid compositions change during solidification, resulting in
tion, and thermal treatment of the sampl&ec. IV). This 3 composition gradient along the single-crystal growth direc-
behavior can be explained by a Kondo effect competing withion. Therefore, it is necessary to analyze the composition of
RKKY interactions(Sec. V). This analysis allows us to de- each sample used for magnetic measurements. In the present
termine accurately the relative variations of the magnetiGyork, most compositions were determined by x-ray
moment concentration from sample to sample and to discusgavelength-dispersive spectroscop¥WDS) on polished
the influence of composition and thermal treatments on Magsample faces. The XWDS analyses were calibrated using the
netic propertiegSec. V). atomic composition of sampl&-a determined by induc-
tively coupled plasma optical emission spectroscoliyP-
OES. The error bars for this ICP measurement were Al,
69.4+0.4 at. %; Pd, 21.950.3 at. %; and Mn, 8.65
+0.1 at. %. The statistic error bars reached in the case of
We studied pieces cut in large single grains as well axWDS were in a range of 0.05 at. %—i.e., much less than
ribbong*3 made by rapid quenching from the melt. The ori- the errors of ICP measurements. Therefore the accuracy on
gin, composition, annealing treatment, and structural state afomposition variations is better than the accuracy on abso-
each studied sample are given in Table |. Here “sample” islute compositions. Additional ICP-OES analyses were per-
used to denote a piece of quasicrystal after a given thermdbrmed on sampld3-e and on pieces cut in the immediate
treatment. For instance samples suctBeas, andB-a, cor-  neighborhood of sampleB-a and F-a (see Table )l The
respond to the same pieBea cut in the single graif, after  compositions determined by ICP and XWDS for samples
successive annealing treatmefits and (2), respectively. B-a andF-a are found compatible within the error bars. In
The single grains were grown by the Czochralski tech-the case of ribbons, the nominal compositions are given in
nique(described, for instance, in Ref. Bdxcept single-grain  Table | as well as those determined by XWDS.

Il. SAMPLES: THERMAL TREATMENTS,
COMPOSITIONS, AND STRUCTURES
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TABLE I. Samples studied. The different types of structures, determined by transmission electron microscopy, are classified according to
Fig. 1. F, F+diff A3, F,, andF,y correspond, respectively, to diffraction patteths-(e). Compositions in bold and italics were measured
by XWDS and ICP-OES, respectively. The nominal composition of ribbons is given within parenthesis. Details on the so-called slow cooling
(SO and rapid coolingRC) procedures are given in the text. The scaling faetparbitrarily set equal to 1 for sampk-b, is proportional
to the atomic concentration of magnetic Mn atoms.

Composition and origin Thermal treatment Structure o

Single-crystalA 2

A-a Algg Py Mng 4 2 h 800°G+RC+ 33h 500°C F, 1.5
Single-crystaB 2
B-a, Al 7o Py Mng/AlzgPdyr My g 2 h 800°GFRC F -+ diff A3 1.5
B-a, Al Py Mng/Alsg P doy M7 o B-a,;+2 h 800°G+ SC—500°C Fou 0.58
B'b AI 70Pd225|\/|n 75 2 h 800°C+ SC—)SOOOC FZM 1
B-c, Al 70Pdyy 4MN 7 55 2 h 800°C+RC F + diff A3 1.79
B-C, AloPdyy 4MN 7 55 B-c,;+2 h 800°G+ SC—500°C FylFou 1.07
B-d Al,oPd,, Mn 2 h 800°G+ SC—500°C F -+ diff A3 2
B-e Alyp P dyy Mng 2 h 800°C+RC F -+ diff A3 2.92
Single-crystalC @
C-a AlyoPdyy Mngs 2 h 800°G+RC (F+diff A3)/F,y  5.43
Single-crystaD P
D-a Al5o Pdry Mngg as-grown Fom 1.85
Single-crystaE ©
E-a; Algg P dyq gMng g5 as-grown F 315
E-a, Algo P doy oMng g5 E-a,+172 h 600°C F -+ diff A3 18.8
Single-crystaF 2
F-a Al gg PdrsMng 3/ Algg P droMNg 4 as-grown F +diff A3 7.45
F-b Algg Pdy Mng 4 as-grown F 19.7
Single-crystaiG ¢
G-a Al 69.5Pd22.15Mn8_35 as-grown F 7.7
Single-crystaH ¢
H-a Algg Pdyy Mngs as-grown F 10.75
Ribbonsr-A €
r-A Algg Py Mn g (Al 7o P by Mng.9) 2 h 800° G+ SC—600°C+ 20 h 600°C F -+ diff A3 3.62
Ribbonsr-B ©
r-B Al g Py Mng (Al 0 PhMng o) 4 h 800°CrRC F 5.25
Ribbonsr-C f
r-C (Al 70 PhMn; o) 24 h 750°C+-RC F 1.44
3Czochralski growtfCECM). dCzochralski growtHIFF, Jiich).
bBridgman growth, samplé10) in Table Il from Ref. 28. *Planar flow castingCECM), Ref. 33.
‘Czochralski growtLTPCM), Ref. 34. "Melt spinning(LEPES, Ref. 1.

The sample structure was characterized by transmissiofold zone axis (Fig. 1). As a reference scale, all the
electron microscopy(TEM) investigations carried out on diffraction patterns shown in this figure contain a twof¢dd
fragments, obtained by crushing small pieces of ribbons opseudotwofolyl icosahedral axis in a horizontal position,
single crystals, deposited on copper grids coated with a caglong which two white crosses mark the positions of both the
bon film. Structural states can be classified into different cattransmitted beam and a 0/2 0/0 0/0 reflectionan equiva-
egories from electron diffraction patterns of icosahedral twodent reflection to this one The indexing ah/h’ k/k’ 1/1’
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(a) (b)
Tow T A e
. . . - = . e, ARG . . .
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. - - - . . - - .
A == Uz ozr’imr; - A_z_‘AS * ’:uz&innlh: R X’z" ) )
o . R . . VT g S e STLO FIG. 1. Electron diffraction
o . ” o/l patterns of icosahedral or
T R - - = 7 pseudoicosahedral twofold zone
| . . P g 3 axes. The two white crosses mark
; . . e . ¥ the positions of both the transmit-
ak S . ted beam and a 0/2 0/0 0/0 reflec-
s 020000 || R o g 026000 o) : tion (or an equivalent reflection to
i _ _(d _ _ (ez (1) this ong. (a) IcosahedraF phase
- ‘TA.Z - _ . .,{5_ . L= .TAZ wo },';5 . TA; e A with linear phason straingb) Per-
S | A - i . - Vo R fect F phase.(c) F phase with
e R e el i . LR e weak lines of diffuse scattering
parallel to the two threefold axes.
(d) F, phase.(e) and (f) Fop
phase(see texk

=0/2 0/0 0/0 withQoy, 00 o=1.17 A" was carried out us- organized icosahedrdt structure, without any measurable
ing the scheme proposed by Caknhal3® Icosahedral or diffuse scattering, was found in rapidly cooled ribbons and in
pseudoicosahedral axes5, A3, andA2 are indicated on Se€veral as-grown single crystals, but never in the slowly
each pattern. Pattef) is typical of an icosahedrd phase cooled samples. Third, different heat treatments lead to dif-
containing linear phason strains producing jags in reflectioferent structural states in the case of samjiles andB-c.
rows which are normally aligned for a perfect icosahe@iral Finally, in a large single crystal likB, the structural state is
structure, such as the one observed in patteinThe third N0t homogeneous: the pieces cut at various distances from
pattern(c) exhibits icosahedraF reflections together with the seed exhibit different structural states even after similar
lines of diffuse scattering parallel to the two threefold axesthermal treatments. Itis clear in Table | for the slow-cooled
situated in the plane of the pattern. Note that the intensity of@mples, but it is also true for the rapidly cooled samples
these diffuse scattering lines was found to vary amondF + diff A3) for which the magnitude of the diffuse scatter-
samples belonging to this group. In pattgi), additonal ~Ng is not constant. Besides, in some cases, the structural
satellite reflections characteristic of the structural staf¥ ~ State is even not homogeneous within the sample. For in-
are observed. Both the patterfes and (f) are related to the Stance, coexisting, andF,y phases were observed within
F,u phase which has been found to be a stable state resuf-unique fragment of sampl&sc, andC-a.
ing of a transformation of thE, state®? Because of the loss
of icosahedral symmetry for five different variants of cubic
symmetry, the patterns df,, along a pseudoicosahedral ll. MAGNETIC PROPERTIES
twofold zone axig(e) and(f)] are of two typegsee Ref. 3p Magnetization measurements were performed by an ex-
With respect to a vector basis of a 3D cubic system, the zongaction method using a superconductor quantum interfer-
axis of patterns(e) and (f) correspond to[7? 7 1] and  ence devic SQUID) magnetometer. The magnetizatidh
[1 0 0], respectively 7 is the golden mean (£ /5)/2]. was measured as a function of temperature in a range of
The structural state observed by TEM is indicated in5—300 K under a fixed magnetic field (1 and 10 kOg
Table | for each sample. Several trends have to be empha- The magnetization was also measured at several fixed
sized. First, jags in reflection rows were only observed intemperatures as a function of the field (p to 50 kOg. The
as-quenched ribbons, not studied here. Second, a welinagnetic susceptibility of icosahedral Al-Pd-Mn phases be-

134402-4



MAGNETIC PROPERTIES OF ICOSAHEDRAL Al-Pd-N. . . PHYSICAL REVIEW B 68, 134402 (2003

25 T T T T T T T 07 T T T T T
_E-a,. | v Ba, =058 (F,,)
o Bb a=1 (F,)
. 20 7 08 4 Bc, a=107 (FIF,) T
Ry L ) I & r-C a=1.44 (F) 3
g 15 LE2, ] S 05) v Ba a=15 (F+diffA3) . ]
S AN £ <« Aa a=15 (F)
R IR e :
| H-a ] 04 . .
w; 10 +\\>\>‘> > 2 _ iy
- Fath e, osl ! -
: 1
R L o
o 0.2F i
- 4 B, 0=179 (Fidiff A3) |
01 + Da «=185 (F,)
T ¢ Bd a=2  (F+diff A3) |
" Be =292 (F4diff A3) 1
0 L 1 M 1 M 1 M
© 0 0.05 0.10 0.15 0.20
-1
g 1/T (K
2
2 FIG. 3. Scaling of the susceptibility data vs the inverse tempera-
R ture. xo was estimated by extrapolating the susceptibility in the
- limit 1/T—0. The scaling factorr is adjusted so that data for
different samples coincidex has been arbitrarily set equal to 1 for
sampleB-b. Sample labels refer to Table I.

range 5-300 K, we could identifyy to M/H for H

=1 kOe. Typical susceptibility data are shown in Fig. 2.
Note that a very large range of susceptibility magnitude, and
Qence of magnetic moment concentrations, is spanned by the
studied samples. From Fig. 2 and Table I, it is clear that
small composition changes strongly modify the magnitude of
the susceptibility. In addition, for a given piece of single
grain, the susceptibility depends on the applied thermal treat-

ing isotropic? the crystallographic orientation of single crys- ment.

tal samples with respect to the field direction was not deter- Besides, it is striking to observe the existence of an evo-
mined. Besides, demagnetizing field effects being negligiblelution of the susceptibility magnitude along the growth axis
any correction due to different sample shageisk or bajy of single-grainB: the data obtained for pieces annealed under
was not made. similar conditions depend on their distance from the seed

For all samples, a Curie-like behavior, due to the presencésee Sec. VI

of localized moments, was observed: the magnetization mea- For most samples, the susceptibility decreases with in-
sured in a fixed field was found to decrease with increasing

FIG. 2. Temperature dependence of the susceptibiitequal
to M/H in 1 kOe, corrected from the ferromagnetic contribution as
explained in Appendix A. Lines are guides to the eye. Sample label
refer to Table I. The magnitude of the susceptibility varies by a
factor 55 between the more magnetic sampla, and the less
magnetic oneB-a,.

temperature in the range 5-150 K. Besides, a small ferro- 0.7 S .
magneticlike contribution, nearly temperature independent |—Bb «=1  (F,)
below 150 K, was detected in single crystals as well as in 0615 rs woeam Y
ribbons, by analyzing the field dependence of the measured | v C-a 0=5.43 (F+diff A3/F,) ,
magnetization at fixed temperaturesee Appendix A Its S 05} : ]
magnitude varies from sample to sample. From the results g |
described in Appendix A, it seems reasonable to attribute this S o4l i
ferromagnetic contribution to the presence of a foreign = I
phase, mostly located at the sample surface, which was not fg 03l |
detected in structural characterizations. Although the ferro- ' I
magnetic contribution remains small in all studied samples, it = ozl i
must nevertheless be subtracted from the measured magneti- ‘°9 ) 4 Gaa=77 (F) |
zation in order to determine the magnetization of the QC 041l o :::22:12;5 ((FF»ZdiﬁAs)_
phase. This has been done for all data presented hereafter by ) * E-a,0=315 (F)
using the procedure described in Appendix A. 0 L L

In the following, we shall focus on the temperature de- 0 0.05 0.10 0.15 0.20
pendence of the magnetic susceptibility Since we ob- 1T (K"

served that the magnetizatidh of the QC phase varies lin-
early with the field up to 1 kOe at all temperatures in the FIG. 4. Same as Fig. 3 but for more magnetic samples.

134402-5



F. HIPPERTEet al. PHYSICAL REVIEW B 68, 134402 (2003

creasing temperature in the range 5-300 K, but for the less 0.7 ————T——— -
magnetic ones, a slight increase of susceptibility was ob- - . "
served with increasing temperature above 150 K. As shown 06} &
in Appendix B, such a behavior can be ascribed to a peculiar G . ::V-'
temperature dependence of the Pauli susceptibility of the g 05f B -
conduction electrons in QC phasés® Below 150 K the o ! et
Pauli contribution can be considered as temperature indepen- s 04} e i
dent. Therefore the analysis of susceptibility data was re- = I oi;,a ¢ Hao=1075 |
stricted to the range 5-150 K for all samples. 2 o3l * 18] a=129
. s [10]a=147
In all cases, we observed that the susceptibility does not < I & [3] «=245
vary linearly with the inverse temperature: th€l/T) curves wv 0.2} v [7) a=26 |
exhibit a continuous curvatufsee Fig. 3. Thus, a Curie law = | o E-a;0=315 |
(x=CIT with C the Curie constantexpected for localized 01l <« [8] a=325 |
moments without any magnetic interactions, is never obeyed, ' > [gl o= 22'5
whatever the magnitude of the susceptibility. These observa- 0 L 5] a=ne
tions are in agreement with previously published reslfts. 0 005 0.0 0.5  0.20
At this step, we shall lay aside the analysis of the tempera- 1T (K

ture dependence of the susceptibility. In the next section, we

shall directly compare the susceptibility data measured on FIG. 5. Scaling of the susceptibility data for literature samples.
different samples and shall establish that Al-Pd-Mn icosaheThe corresponding references are given in brackets. The scaling
dral phases exhibit a universal magnetic behavior, despittactor « is obtained by settinge=1 for sampleB-b as in Figs. 3
large variations of the susceptibility magnitude from sampleand 4. Samplesi-a andE-a; are also drawn for comparison.

to sample.

For samples withw=3, scaled susceptibility data can no
longer be put into coincidence in the whole temperature
range(Fig. 4). In this case, ther values have been deter-
mined by superposing susceptibility data from 150 K down

We shall first compare the susceptibility data for sampledo the lowest possible temperature noted Below T*, the
of Table | and then include the literature data. measured susceptibility is larger than that expected from data

obtained for the less magnetic samples. The magnitude of the
deviations increases witla. TheT* values increase continu-
A. Samples from the present work ously with & [from 8 K in sampleC-a (a=5.43) to 20 K in

Here, we are interested in the contribution of the magnetiS@mpleE-a («=31.5)]. These low-temperature deviations
Mn atoms to the total susceptibility of the QC phase. Thus, from the _behawor observed in the less magne_tlc sam_ples can
we have to subtract a temperature-independent contributioR€ explained by the presence of magnetic interactions be-
denotedy,, from y. The y, term accounts for the sum of the tWeen magnetic Mn atoms, as will be discussed in Sec. V.
Larmor and Pauli contributions. Here, below 150 K, theAnyway at high enough temperatui@oveT*) the effect of
Pauli contribution can be considered as temperature indepef1€S€ magnetic interactions can be neglected and the moment
dent: see Appendix B. As the magnetic Mn atom contributionconcentration is still proportional to the scaling factar
(x-x0) is expected to vanish in the infinite-temperature limit,  1herefore we can conclude from this scaling procedure
the x, value was obtained from the extrapolation towards thghat the magnetic moment concentration varies widely, by a
limit 1/T=0 of a polynomial fit ofx(1/T) performed in the ~factor of about 55, in the samples studied here.
temperature range 5—-150 K. The obtainggdvalues, of the
order of —0.4x10 ® emu/g, were found to vary only
slightly from sample to sample.

Then, for each sample, we have plotfed T)-xo]/ « ver- Using the same scaling procedure, we analyzed previ-
sus 1T, where a is a scaling factor, adjusted so that all ously published susceptibility data on icosahedral Al-Pd-Mn
susceptibility data coincide with those of an arbitrarily cho-phases. In most cases, an excellent agreement with the
sen reference sampl®&{b with «=1).2" The a values are present results was observed: See Fig. 5. There are only a
reported in Table I. An excellent superposition of the normalfew exceptions which will be examined hereafter. The
ized susceptibility data {-xo)/a can be obtained in the ande« values obtained for the literature samples are reported
range 5-150 K for samples with 0.8& <3 (Fig. 3). Thus, in Table Il (with a=1 for sampleB-b). The « values(from
in thesea and T ranges, the temperature dependence of thd.4 to 43 reveal relatively large magnetic Mn concentrations
susceptibility obeys a single law whatever the structurawith respect to the less magnetic samples studied in this
state, annealing treatment, and composition. Therefore, favork. On can note that thg, values reported in Table Il are
these samples, the atomic concentration of magnetic maystematically larger than those found for the samples stud-
ments(hereafter noted) is proportional to the scaling factor ied in the present worky(,~ —0.4x 10~ emu/g). The rea-

a. son is that no attention has previously been paid to the exis-

IV. COMPARISON OF SUSCEPTIBILITY DATA
FOR DIFFERENT SAMPLES

B. Literature samples
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TABLE Il. Magnetic properties of Al-Pd-Mn icosahedral single crystals from the literature. Structures are
indicated when determined by transmission electron microscopy. The scaling daistabtained by setting
a=1 for sampleB-b as in Table I.

Reference Thermal treatment Structure  xo (emu/g a

Fisheret al.? as-grown F +0.02x10°© 12.9

Nimori and TsaP as-grown +0.4x10°° 325

Matsuoet al. ¢ 18 h 798°CGr quenched F + diff A3 -0.1x10°% 245

Saitoet al.® 35 h 806°Crquenched F —0.05x10 6 36.5

Escudercet al.® as-grown +1.4x10°® 26

Lasjauniaset al. ' as-grown —0.1x10°® 43

Kobayashiet al. 9 sample 1 18 h 802°G; quenched F +diff A3 —0.15x10°6 14.7

Kobayashiet al. 9 sample 1 20°€>600°C—20°C Fs —0.32x10°6 4.3
(steps of 20°C each 20 min

“Reference 6. ‘Reference 7.

PReference 8. ‘Reference 5.

‘Reference 3. 9Reference 10.

dreference 2.

tence of ferromagnetic contributions. Therefore, thg Above a sample-dependent temperafiife the tempera-
values reported in Table Il include, in addition to the Pauliture dependence of the susceptibility is the same in all
and Larmor contributions, a contribution from the ferromag-samples and reveals therefore a single moment behavior. It
netic phasgequal to the term noteg in Appendix A). This  fojlows that the scaling factow is proportional to the con-
explains the large dispersion of the values and even the contrationx of magnetic moments. Below*, the suscepti-
occurrence of positive values. We also fried to analyze th‘f)ility departs from this single-moment behavior. The magni-
susceplibility data of AhPdigMny ribbons from Ref. 5. tude of the deviations and thel* value increase
However, in this very magnetic sample, RKKY interactions , .
between magnetic Mn atoms are so strong that they lead to&Pntinuously whenx and hence the moment concentration
spin-glass transition at a rather large temperatig increases. For the less magnetic samples, the fact 'Fhat the
=3.6 K. Then the validity of the scaling procedure is ques-Scaling is obeyed dowrot5 K probably means thal* is
tionable and the obtained value (110-20), affected by lower than 5 K.
large error bars, is only indicativ&. The temperature dependence of the susceptibility exhibits
In conclusion, the analysis of literature samples confirmshe same behavior in ribbons and in single crystals of differ-
that the magnetic susceptibility of Al-Pd-Mn QC phasesent origins, elaborated by different growth techniqi@go-
obeys a universal behavior. Note that good agreement ighralski, Bridgman, or “self-flux” technique in the case of
found for the single crystal of Ref. 8(=32.7), despite the et g |t is independent of the structural state ith or

strange magnetic behavior observed in low fieltd ( |, . : :
=100 Oe). Therefore, the low-field anomalies reported jnvithout diffuse scatteringiy, or Fay). Only a and thus the

Ref. 8 are probably due to the presence of an extrinsic felj_noment concentrz_;\tlow vary f_rom sample 10 sample by a
romagnetic contribution, similar to the ones observed in thdactor close to 80 if one considers both the presently studied

presently studied sampleé@ppendix A. Discrepancies in Samples(Table ) and the literature samplegTable II).
the scaling procedure were only observed for single crystaldherefore this scaling procedure allows a determination of
of Refs. 4 and 9. In the first case, no scaling could be pertelative variations of the moment concentration between
formed whatever the temperature range. In the second onseamples, independently of the analysis of the temperature
susceptibility data could be satisfactorily scaled from 120 Kdependence of the susceptibility. Of course a determination
to 28 K with @=75 andy,=1.1X10 % emu/g revealing an of the value of the moment concentration requires such an
appreciable ferromagnetic contribution. However, below 28analysis(see next section
K, the normalized susceptibility is much smaller than ex-  Finally, once the contribution from the ferromagnetic
pected from data on samples with comparable or evephase has been carefully subtractadcording to the proce-
smaller @ values!’ Such a behavior is clearly anomalous. dyre explained in Appendix Athe temperature-independent
Therefore, this sample, used in NMR studiéS,could be  contribution yo, due to the sum of the positive Pauli and
nonrepresentative of the universal behavior of icosahedrajegative Larmor contributions, is found of the order of
Al-Pd-Mn phases. —0.4x 10 ® emu/g. This value is similar to the susceptibili-
ties measured for Al-Cu-Fe and Al-Pd-Re quasicrystals with
no localized moment¥:® Thus, the large negative values
for xo in icosahedral Al-Pd-Mn QC phases are in a favor of
In summary, the scaling of susceptibility data reveals aa small Pauli contribution and hence of a reduced total den-
universal behavior of the temperature dependence of magity of states at the Fermi level, in agreement with results of
netic susceptibility in Al-Pd-Mn QC phases. specific heat measuremefts.

C. Universal magnetic behavior of Al-Pd-Mn
icosahedral phases
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V. ANALYSIS OF THE TEMPERATURE DEPENDENCE 1.4 —T———T—

OF THE MAGNETIC SUSCEPTIBILITY WITHIN [ o B+b
Kondo fit

—

\S]
1
1

A KONDO MODEL

The curvature of they(1/T) curves(Figs. 3 and #is
more pronounced for samples with small values and,
hence, small moment concentrations. This observation dis-
cards an origin of these curvatures due to magnetic interac-
tions between the magnetic Mn atoms, which would instead
increase withx. We shall show that the temperature depen-
dence of the magnetic susceptibility in Al-Pd-Mn icosahedral I
phases can be explained by a Kondo effect which is due to a o .
coupling between a magnetic moment and the spins of the o o1 02 03 04 05
conduction electrons. We proposed this hypothesis in previ- 1T (K")
ous work$32>2’put it was only tested for a quite restricted
range of magnetism variations.

10° (x-%,) (emu/g)

FIG. 6. Fit of the susceptibility data for sameb in a Kondo
model with T¢=1.2 K and a magnetic moment concentration
=6.5x10"° (assumingS=5/2).

A. Kondo analysis for a single moment

Let us recall that a Kondo effect is usually encountered i&Ween ther values determined using the scaling procedure
alloys containing & impurities diluted in a host metallic ©f S€c. IV and the magnetic Mn atomic concentratian:
matrix, such asCuMn or CuFe alloys, as well as in Ce- =6.5X10 “a. Note that the smalk values obtained for the

based heavy-fermion compourffsin the presence of a less magnetic samples justify the application of a Kondo

Kondo coupling §S-s, with J<0), the conduction-electron ?rﬁg[l?%(;m:qvi?mh’ strictly speaking, is only valid in a single
spinss tend to screen the localized s This screening is We already mentioned that in many previous works the
only complete at temperatures much lower than a charactegusceptibimy of Al-Pd-Mn QC phases has been fitted by a
istic Kondo temperaturdy (T<exg—1/J| N(Eg)] with  Curie-Weiss law: x(T) — xo=C/(T+®) where © is the
N(Eg) the density of states at the Fermi leyet resultsina  Curie-Weiss temperature. Here, let us make three remarks
saturation of the susceptibility far<Ty in contrast with the  apout such fits. First, they were found valid only in restricted
paramagnetic case whegediverges as T7. For T—0, the  temperature ranges so that the valueCo®, and y, de-
Kondo normalized magnetic susceptibility per magneticpend actually on the analyzddrange(see, for instance, Ref.
atom xT/C tends towards a constant universal velfie. 10). Second, they lead to underestimated values. dfor
Here, C is the Curie constantC=Nxg?uS(S+1)/3Ks  example in the case of sampiieb, a Curie-Weiss fit can be
whereN is the total number of atoms. Fd>Ty the pres-  performed in the temperature range 5-80 K. It lead®to
ence of a Kondo coupling is revealed by logarithmic devia-=2.4 K andC=4.6x 10" ® emu K/g from which one obtains
tions from a Curie law. In practice, the Curie limit=C/Tis  x=4.9x10"° (assumingS=5/2) to be compared taC
never reached experimentally even in systems Withas =6.2x10"% and thus x=6.5x10"° deduced from the
low as a few mK such as dilut€uMn alloys. Kondo fit. Third, in the literature, the Curie-Weiss tempera-
Using the analytical results of thechannel Kondo model ture ® was mostly ascribed to magnetic interactions between
for n=2S (with Sthe spin of the magnetic atoiff the the-  the localized moments. But, actually, in restricted tempera-
oretical susceptibility can be computed at all temperaturesure ranges abov&y, a Curie-Weiss law can describe the
xTk=Cf(T/Ty). Hereafter theS dependend® of f(T/Tx)  theoretical Kondo susceptibility as wéfl.The obtained®
will be neglected. In usual alloys, the moment concentratiorvalue is larger thaffy ,° and the Curie constant is reduced
x is known and thus there are only two unknown parametergyith respect to its high-temperature limit.
to be obtained from the fit of the measured susceptibility: the
value of the spinS deduced from that o€ and the Kondo
temperature. However, in the case of Al-Pd-Mn QC phases,
is an additional unknown parameter. Thus the estimate of the For the less magnetic samples, including sanile, the
fitting parameterC [«xS(S+1)] cannot provide separate success of the scaling dowa 5 K shown in Fig. 3 can be
values ofx andS. In the following, in order to obtain a value interpreted as follows. The susceptibility of these samples
of x, we assumed a value &equal to 5/2 for Mn atoms in follow the same temperature dependence in the range 5-150
the high-temperature limit, neglecting orbital effects. K and, consequently, the same Kondo behavior, implying the
A very good fit of susceptibility data can be obtained for same Kondo temperature.
the less magnetic Al-Pd-Mn icosahedral phases in the tem- Obviously, the susceptibility behavior of more magnetic
perature range 5—150 K. An example is shown in Fig. 6 forsampleswith «=3 and hencex=2x10"4) requires addi-
sampleB-b (with «=1) for which the range of measure- tional explanations. The curvature of th€1/T) curves in-
ments has been extended down to 2 K. This fit provides botduced by the Kondo effect still exists but the scaled suscep-
the value ofTc=1.2 K and that ok=6.5x 10" °. Therefore, tibility data for these samples do not coincide down to 5 K
the Kondo analysis allows us to establish a correspondendsee Fig. 4 and Sec. IV)AThe low-temperature deviations

B. Competition between Kondo and RKKY interactions
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10— In conclusion, the temperature dependence of the mag-
netic susceptibility in Al-Pd-Mn QC phases can be explained
S 80F - . by a Kondo effect gradually affected by RKKY interactions
E ..-"'H E-a, between magnetic Mn atoms as their concentration increases.
3 60} / i Such a competition between Kondo and RKKY couplings is

a common behavior in dilute alloys, where the RKKY inter-
actions tend to restore the localized magnetic moment
screened by the conduction electrons. For instabo®in
alloys are an example of Kondo systems for Mn concentra-
tions less than 10* (with Ty of the order of a few miKand
) ) , , ) are an archetype of spin glasses for higher Mn contBrits.
0 0.2 0.4 0.6 0.8 1.0 the case of Al-Pd-Mn QC phases, the existence of a Kondo
T(K) effect is ascertained by measurements of the electrical con-
ductivity o(T) on weakly magnetic samplé$indeed,o(T)

FIG. 7. The ac susceptibility exhibits a cuspTgt=0.23 K for  \was found to increase with decreasing temperature following
single-crystalC-a (x=3.5x10 %) and 0.62 K for single-crystal g —|n T law. The magnitude of this increase is proportional
E-a, (x=1.2x10"°). to the moment concentration. The fact that the conductivity,

instead of the resistivity, exhibits these characteristic Kondo
from the previous single behavior increase witiThus we  features is due to the unconventional transport properties of
can assume that they are due to magnetic exchange interaguasicrystalé?
tions occurring between magnetic Mn atoms, increasing with Note that in the previous analysig was assumed to be
x. It is exactly what is expected for a dilute metallic alloy independent ok and equal to its value in the single-moment
where the magnetic interactions between localized momenténit when magnetic mtt_aractlons*are negligible. The depar-
are of RKKY type—i.e., mediated by the conduction- tures from the Kondo fit belowwr* have been ascribed to

electron spins. The energy of the RKKY interaction betweermagnetic interactions but t_he analys_,is of the susceptibility
two localized moments, separated by a distancearies as data has been performed in a restricted temperature range

- S .
1/r3. Thus, at a given temperature, the influence of the magg —150 K. Another approach qonS|sts in allowifig to -
netic interactions increases as the mean distancbetween . ary from sample to sample and in analyzing the suscepubn-
: . . ity data in a larger temperature range. Such an analysis has
magnetic Mp atoms decreas'es—l.e.,xaﬂcreases. For the een performed in the temperature range 2—150 K in Ref. 13
Ies_s magnetic s_ar_nples studied here, one c_ar_mot exclude t weakly magnetic Al-Pd-Mn icosahedral phases. A con-
existence of similar low-temperature deviations ofT)  (inyous decrease dfx has been obtained from 1.2 K to 0.6
from the Kondo susceptibility, due to RKKY interactions, k asx increases from 371075 to 19.3< 10~ 5. In Refs. 25
but at temperatures lower than 5 K. and 27, a Kondo analysis was applied to single crystals with
The existence of RKKY interactions in Al-Pd-Mn QC relatively high magnetic moment concentrations: samples
phases is directly revealed by the observation of spin-glasgnd C of Ref. 25 are, respectively, sampl€sb (x=1.28
transitions. In the later case, the freezing of the local mo-x 1073) andF-a (x=4.8x10"*) of the present work while
ments manifests itself by a cusp of the ac susceptibilitysample A is close to sampleE-a; (x=2.04<10"3). A
Xac(T) occurring at a temperatuik, . The Ty value is close  Kondo fit for these samples in the temperature range 10—-300
to the actual transition temperature provided that the magniK leads toT,=0.7 K. Although these results would suggest
tude and frequency of the applied ac field remain smalthat the Kondo temperature is simply renormalized in pres-
enough. We measured the ac susceptibifitygquency, 2 Hz; ence of RKKY interactions and decreasesascreases, the
ac field, 1 Og of two samples down to 0.1 K. We used a range of analyzed temperatures is too restricted to ascertain
SQUID magnetometer equipped with a miniature dilutionthis conclusion. Besides, one cannot exclude the existence of
refrigerator. We detected a susceptibility cusp at a temperaan x-dependent distribution of ¢ values. Further studies are
ture T;=0.23 K for single-crystaC-a (x=3.5X 104 and in progress in order to clarify this point.
0.62 K for single-crystaE-a, (x=1.2x103): see Fig. 7. Note that the magnetic properties of Al-Pd-Mn icosahe-
These values can be compared with those reported in Ref. Bral phases are quite similar to those of metastable
Ty=1.1 K for a single crystal to which we ascribed=43  Al(Si)-Mn quasicrystals. A Kondo analysis could also be ap-
(and hencex=2.8x103) in Table Il and Ty=3.6 K for  plied to icosahedral and decagonal Al-Mn phases and to the
Al4,PdigMn,, ribbons for whicha=110+20 (Sec. IV B n-Al,Mn approximant phase, leading to a slightly larger
and hencex~7x10 3. A T4 value of 0.5 K is reported in  Kondo temperature of 5.3 K’ Also, spin-glass transitions
Ref. 4 but the susceptibility data for this single crystal couldhave been observed in metastabléShMn phaseg®#®
not be satisfactorily scale@ec. IV B). If magnetic Mn at-
oms are randomly diluted, the distance dependence of RKKY
interactions ¢1/r%) implies that the spin-glass transition

VI. DISCUSSION

temperatureT, increases linearly withx (neglecting any Although the concentration of magnetic moments in
damping effect The above results are in qualitative agree-icosahedral Al-Pd-Mn ribbons and single crystals varies
ment with this prediction. widely from sample to sample, it remains small in all cases.
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It ranges .fromx=3.8>< 10 ° for the less magnetic sample 20 g d T TETorAY
ever studied(sampleB-a, of the present workto x=2.8 S —a— B-c, d =32 mm (F + diff A3)
x 102 for the single crystal of Ref. 5. Therefore only a E 1.5 [ B-a, d =37 mm (F + diff A3 |
small fraction of the total number of Mn atoms is magnetic: o
4.8x10 *in sampleB-a, (i.e., one Mn atom over 200@&nd ~ ]
3% 10 ? in the single crystal of Ref. 5. X 10f //

Several features indicate that the magnetic moments are X v/‘//
well diluted in the quasicrystalline phase. First, the suscepti- ° o5l /"A’;/:/‘/ i
bility can be analyzed in terms of the Kondo effect, which is 2 - {,v./v/
a single magnetic impurity model. Second, when the RKKY I (@]
interactions compete with the Kondo effect, one observes a o
well-defined spin-glass transition, characteristic of a random 2.0 e ———
spatial distribution of the magnetic moments in diluted al- — o Bd d=6mm (F +diff A3)
loys. Third, it has been shown that the electrical conductivity G [ ——B-c, d=32mm (F,/F,)
of weakly magnetic samples varies linearly with the concen- 3 1.5F——Bb d=33mm (F,) .
tration of moments$? which therefore act as isolated static g | ——B-a, d=37mm (F,,)
defects. —_

By comparison with approximants and from theoretical £ 10T
considerations on moment formati®f* one can propose N
that magnetic Mn atoms are associated with particular envi- o 05}
ronments. However, our present understanding of the QC e
structuré* is not complete enough to identify such a small 485

! 0 X g 7 s Y

number of thgse particular atomic sites. Meanwhile, one can 00 0.05 010 015 0.20
try to determine parameters governing moment formation. T (K'1)

First, in agreement with previously reported restfits?
anneallr)g. 'Freatments arg fOU”O_' to affect theomagnltude of the FIG. 8. Susceptibility data for samples cut at different distances
susceptibility. After a rapid cooling from 800 °C, the concen- 4 fom the seed within single-graiB: (a) rapidly cooled samples,

tration of magnetic Mn atoms is systematically found largery,) sjowly cooled samples. Lines are guides to the eye. Sample
than after a slow cooling. The ratio of magnetic Mn concen-gpels refer to Table |.

trations between rapidly and slowly cooled states is 2.6 for

sampleB-a and 1.7 for sampl®-c, to be compared to 3.3
for sgmme 1 of Ref. 1(0Tablg 1), P difference was observed between samds andB-c, cut

Second, magnetic properties are extremely sensitive gt the same distancel &30 mm) on opposite sides of the
composition. It must be emphasized that large variations of?90t (10 mm diameter Let us note that even the small
the magnetic moment concentration occur for relativelysamples used for magnetic measurements are not necessarily
small changes in the quasicrystal composiiib, 7.5—8.65 homoggneous. Indeed, a decrease of the magnet!c Mn con-
at. %, and Pd, 21.4-22.5 at. %, for the samples in Table | c€ntration by a factor 1.08 was observed after polishing the
Note that the largest concentrations of magnetic moments af@ces of samplé-e (small disk cut perpendicularly to the
found in Mn-rich samples. In Ref. 19, an increasexafith ~ 9rowth axig, reducing its mass by 16%. Besides, the struc-
the Mn content has been reported in ribbons with high mniural state of the different samples also changes ditkee
content (from 10 to 15 at.% which must correspond to 'aPle I and Sec. )i

metastable QC phases as their compositions are clearly out- Therefore neithe_r the magnetic moment concent.ration nor
side the existence domain of icosahedral phases in the afhe structural state is constant along the growth axis of large

Pd-Mn systen?®? But it is clear from Table | that the Pd single grains grown by the Czochralski technique. As a con-

content also influences. Unfortunately, despite the large S€duence, samples used for magnetic studies have to be cut

number of studied samples, it turned out to be difficult toPerPendicularly to the growth axis, as actually done in this

better characterize the composition dependence Blue to ~ WOrk- The same remark applies to samples used in transport
ystudles since the concentration of magnetic Mn directly de-

samples annealed in the same conditions can be compardgmines the resistivit}? A nonuniform magnetic moment

As a consequence, as-grown single crystals must be exclud&gncentration probably also explains the variations of the

as they were submitted during their growth to uncontrollegM@gnetoresistance along the growth axis of an Al-Pd-Mn

thermal treatments. single grain reported in Ref. 45,

The extreme sensitivity of the susceptibility magnitude to

composition manlfests |t_self by its evolution alpng the VIl. CONCLUSION

growth axis of single-grairB grown by Czochralski tech-

nique (Fig. 8 and Table )l A continuous decrease of the  From the present study of the magnetic properties of a

scaling factor and hence of is observed, both for rapidly large set of samples and comparison between our data and

and slowly cooled states, as the distarttébetween the previously published ones, we can draw conclusions for sev-

sample and the seed increases. In contrast, no apprecialdeal issues of magnetism in the icosahedral Al-Pd-Mn
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phases. The fraction of magnetic Mn atoms is always very
small, most of the Mn atoms being nonmagnetic, and the
moments are diluted in the quasicrystalline structure. This is
in agreement with the dependence of the conductivity of
weakly magnetic samples with the moment concentrétion.

We have shown that the occurrence of magnetic moments
is affected by thermal treatments and by small composition
changes. Thus, it is clear that magnetism changes reveal
subtle structural changes, in agreement with theoretical pre-
dictions of a moment formation on Mn atoms influenced by
the local and medium range environméhtUnfortunately
going further is difficult as long as no identification of the
sites occupied by magnetic Mn can be performed.

Besides, we have shown that, in Al-Pd-Mn icosahedral
phases, the temperature dependence of the susceptibility
obeys a universal behavior which is independent of the struc-
tural state F with or without diffuse scatteringF,, or
Fom). Polycrystalline ribbons and single crystals, whatever
their elaboration technique, exhibit similar properties. Only
the number of magnetic Mn varies from sample to sample.
The temperature dependence of the susceptibility can be ex-
plained by a Kondo effect gradually affected by RKKY mag-
netic interactions as the concentration of magnetic Mn atoms
increases.
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FIG. 9. (a) Temperature dependence of the measured magneti-

zationM . ,sdivided by the applied fieldH for ribbonsr-A (nomi-
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nal composition Ay P, Mngs, slowly cooled to 600 °EC (b)
Temperature dependence Mf, ..J/H— xg, Whereyg is the ferro-

d’Heres, Francefor XWDS analyses. Some of the samples magnetic contribution determined as explained in the text.
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MmeadH)—aH can be identified with the ferromagnetic
contribution.
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sique des Solide¢Orsay, France We thank C. Paulsen The saturated magnetization, denotdg, is found nearly
(CRTBT, Grenoble, Frangéor his help in ac susceptibility temperature independent below 150 K which indicates a Cu-

measurements.

rie temperature above room temperature. The magnitude of

Mg varies from sample to sample. For single crystilg, is

APPENDIX A: EVIDENCE FOR A FERROMAGNETIC
CONTRIBUTION

usually of the order of %10 ° emu/g (for sample mass
~0.2 g). For ribbonsM¢ is typically one order of magni-

tude larger. In a few cases, a marked increas&l@f was

In the absence of any ferromagnetic contribution and abbserved after an annealing treatment. For single crystals a
large enough temperatures, the measured magnetizatigoft polishing of the surface was then found to reduce appre-
M easiS expected to be proportional to the field. Thus theciably Mg . Therefore, the ferromagnetic contribution could
curvesM oo/ H versusT measured in different fixed fields be due to a superficial oxidation of the QC phase. Although
should coincide(Differences are only expected at low tem- its existence has marked consequences on magnetic measure-
peratures when the contribution of localized moments is nanents, due to the very small intrinsic magnetism of the QC
more proportional to the fieldlt is obviously not the case as phase, it does not affect significantly the composition of the

is illustrated in Fig. @a) for ribbonsr-A (nominal composi-
tion: Al;q P Mng 3, slowly cooled from 800 to 600 °C).

QC phase. For an atomic Mn concentration of 0.08 in the QC
phase and a saturated ferromagnetic magnetizafigr-5

This effect is observed in all samples. It suggests the exisx 10~ ° emu per sample gram, the relative fraction of the Mn
tence of an additional ferromagnetic contribution of largeatoms embedded in the ferromagnetic phase is equalt® 10
Curie temperature. Such a contribution is revealed by théassuming all the Mn atoms in the ferromagnetic phase carry
analysis of the field dependence of the measured magnetiza-spin equal to 5/2 In the worse cases, such as for ribbons
tion at constant temperature. Although its presence is nat-A with M=4.5x10 %, this fraction reaches- 10" °.

obvious from theM ,.o{H) curves[Fig. 10@)], it is clearly
observed wheM ,.,{H) —aH is plotted versudd, where
the constant is chosen such tha¥l ,,.,{H)—aH is nearly
field independent at large field§Fig. 1Qb)]. Then,
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phase as a function of temperature, the contribution of the
ferromagnetic phase must be subtracted. As the latter does
not depend significantly on temperature below 150 K, one
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APPENDIX B: T2 CONTRIBUTION TO THE
FIG. 10. (3) Measured magnetization vs field at constant tem- SUSCEPTIBILITY

gle(:)r\z;[ure fc|>r d”tbbgggf(‘: (%On;'nal cdomp%smon AP d21-4M'.18-3'| A small increase of the magnetic susceptibility was de-
Iy cooled to )(b) ame data but a term proportional to o4 ahove 150 K in the less magnetic samples. This can be
the field has been subtracted in order to evidence the ferromagnetic . . - .
contribution. explained by the existence of a contribution proportional to
the square of the temperature. In the range 50-300 K, the
susceptibility data of the less magnetic samples studied here
can assume thaM/H for the QC phase is equal to can be fitted by assuming(T)= o+ C/T+AT2. For sim-
MmeasdH—xr, where xg is a field-dependent and npilification, a Curie law C/T) was assumed here to describe
temperature-independent constant. In fields larger than 1the contribution of localized moments above 50 K. An ex-
kOe, the ferromagnetic contribution being saturatgd,is  ample is shown in Fig. 11 for ribbons-C [A=0.44
simply equal toMg/H. Indeed, as shown in Fig.(9 for X102 emu/(gK), x,=—0.488<10 ® emu/g, and C
sampler-A, for H=10 kOe and 50 kOe théVl,..dH  =6.6x10"° emuK/g].
—Mg/H versusT curves coincide, except of course at low  Such aT? contribution had been previously observed in

temperaturébelow 18 K where the intrinsic magnetization several Al-Pd-Mn icosahe;dralIS phases from susceptzibility
of the QC phase is no more proportional to the field. For Measurements above 300°K>*®The magnitude of th&

=1 kOe, theyr value has been determined so that thel®rm obtained here is in agreement with the values reported
d N Refs. 2.and 18. Itis slightly higher than the value reported

M meadd H— xr versusT curve coincide with the corrected | ) o - e
in Ref. 10 because, in addition to tfié term, a contribution

M/H data inH=10 and 50 kOe. The excellent superimpo-
perimp proportional toT# was introduced in Ref. 10. SimilaF?

sition of all M/H versusT data[Fig. 9b)] confirms the va- o .
lidity of the previous analysis and the temperature irmlepengontr|but|ons have also been reported for icosahedral phases

. L ith no localized moments in the Al-Cu-Fe and Ga-Mg-Zn
ience of the ferromagnetic contribution at least below 15dévystemsl."'*36 They have been ascribed to a temperature de-

’ . endence of the Pauli paramagnetism of conduction elec-
The susceptibility datay=M/H for H=1 kOe, pre- b P g

. trons caused by a sharp pseudogap in the electronic density
sented in the core of the present paper have been corrected §Ssiates around the Fermi level.

explained above. The correction is usually negligible for the Although suchT? contributions are likely present for all
more magnetic samples but its relative weight becomes morge samples studied here, they could be discarded in the
important for the less magnetic ones. As the ferromagnetignalysis of susceptibility data presented in Secs. IV and V.
contamination decreases S|Ight|y with increasing temperatur&,ﬂ,hey are Obvious|y Comp|ete|y neg||g|b|e for the more mag-
above 150 K, slight discrepancies are expected, and actuallyetic samples below 300 K. For the less magnetic ones, such
observed for several samples, in the scaling of susceptibilitas ribbonsr-C, their influence is negligible below 150 K.
data presented in Sec. IV when data in the range 150—-300 Khe analysis of susceptibility data was therefore restricted to
are included. For this reason and also because of the pretiie range 5-150 K and the Pauli susceptibility was assumed
ence of aT? contribution in the Pauli susceptibilitisee Ap-  to be temperature independent in tiisange.
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