
PHYSICAL REVIEW B 68, 134402 ~2003!
Magnetic properties of icosahedral Al-Pd-Mn quasicrystals
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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 structure (F, F2, or F2M)
of each sample have been determined. Composition changes and thermal treatments lead to a wide range of
magnetic susceptibility variations~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 from 3.831025 for
the less magnetic sample studied up to 231023 for the more magnetic one—i.e., much less than the Mn
concentration in the icosahredral phase (;831022). 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.

DOI: 10.1103/PhysRevB.68.134402 PACS number~s!: 75.20.Hr, 75.50.Lk, 61.44.Br
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I. INTRODUCTION

The magnetic properties of quasicrystalline icosahed
Al-Pd-Mn phases have attracted much attention. The p
ence of localized moments is revealed by Curie-like ter
in the temperature dependence of the magn
susceptibility.1–13 In contrast, most Al-based quasicrysta
~QC’s!, such as, for instance, in Al-Cu-Fe,14 Al-Cu-Co,15 and
Al-Pd-Re systems,16 exhibit a nearly temperature
independent negative magnetic susceptibility and hence
localized moments.

The Curie terms measured in icosahedral Al-Pd-M
phases are much smaller than those expected if all Mn at
have a spin valueS55/2. This is due to the fact that most o
the Mn atoms are nonmagnetic, as is proved from nuc
magnetic resonance~NMR! studies.9,17 This behavior is in
strong contrast with that of liquids in equilibrium with thes
phases, where most of the Mn atoms are magnetic.18

In view of the small Curie constants measured in ico
hedral Al-Pd-Mn phases, it is first necessary to exam
whether the Mn atoms which are magnetic are located in
quasicrystalline phase or in foreign phases, undetecte
structural studies. The observation of spin-glass transition
low temperature~a few K or less! in several samples sug
gests that magnetic Mn atoms are diluted in the QC ph
and coupled through indirect Ruderman-Kittel-Kasuy
Yoshida ~RKKY ! interactions mediated by conductio
electrons.4,5,19–21Also, in NMR experiments, the broadenin
of the 27Al resonance line, observed through a temperat
decrease, results from magnetic Mn atoms located within
icosahedral phase.9,17

The existence of magnetic Mn atoms in the quasicrys
line structure must be related to particular environments.
influence of local and medium range atomic structure
0163-1829/2003/68~13!/134402~13!/$20.00 68 1344
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moment formation in Al-Pd-Mn and Al-Mn quasicrystals an
approximant phases has been established by theore
studies.22–24 These predictions could be confirmed in th
case of approximant phases where sites occupied by m
netic Mn atoms could be identified.25–27 Let us recall that
approximants are periodic phases, with large unit cells
structures closely related to that of quasicrystals, which
be described as packings of icosahedral clusters, also co
ered in quasicrystalline structural models. However, in
case of quasicrystals, the identification of magnetic Mn
oms remains a very difficult task because their atomic c
centration never exceeds a few 1023 and even can be a
small as 3.831025 ~as shown hereafter!.

Despite a great amount of works devoted to the magn
properties of Al-Pd-Mn icosahedral phases,1–13 the param-
eters determining the magnetic Mn concentration are still
from being completely understood. By analyzing the lite
ture data, it is clear that relatively small composition var
tions, within the reduced existence domain of the icosahe
phase in the Al-Pd-Mn system,28,29 affect strongly the mag-
netic Mn concentration. However, uncertainties in compo
tions impede one in determining accurately the link betwe
the composition of the icosahedral phase and the magn
Mn concentration. For a given composition, the magne
Mn concentration is modified by thermal treatments10–12,30

but, under different annealing treatments, the icosahedrF
phase can transform into so-calledF2 or F2M structures
which are respectively diamond and cubic six-dimensio
~6D! superlattices of the icosahedralF phase.31,32 The re-
spective influences of thermal treatments and structural st
on the magnetic properties are not well identified.

Also, the temperature dependence of the magnetic sus
tibility is not completely explained. Surprisingly, a Cur
law, expected for localized moments without any magne
©2003 The American Physical Society02-1
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F. HIPPERTet al. PHYSICAL REVIEW B 68, 134402 ~2003!
interactions, is not obeyed in the case of samples with a v
small concentration of magnetic moments.13 In the literature,
a Curie-Weiss law has often been used to analyze the
perature dependence of the magnetic susceptibility altho
its validity seems questionable. First of all, the fitted para
eters depend on the analyzed temperature range~see, for in-
stance, Ref. 10!. Second, the obtained Curie-Weiss tempe
tures are too large to be explained by magnetic RK
interactions, at least for the less magnetic samples. In sev
previous works,13,25,27we proposed to explain the temper
ture dependence of the magnetic susceptibility in Al-Pd-
icosahedral phases by a Kondo coupling between local
Mn moment and the conduction electron spins. Howev
this hypothesis was only tested for a restricted range of m
netic moment concentrations and the possible influence
interactions between magnetic Mn atoms was not examin

The difficulties encountered in getting an overall und
standing of the magnetic properties of icosahedral Al-Pd-
phases come from the fact that, in most previous stud
only one or a very few samples were investigated. Then
certainties in composition, and sometimes in the structu
state (F, F2, or F2M), as well as difficulties in analyzing th
temperature dependence of the susceptibility, make comp
sons between magnetic data of the literature rather uns
factory. In the present work we have undertaken a system
study of the magnetic properties of icosahedral Al-Pd-M
phases by studying a large set of samples. They incl
single crystals and polycrystalline ribbons. Their icosahed
structure is eitherF, F2, or F2M . By changing compositions
and by applying different thermal treatments, we could sp
a wide range of variation of the magnetic moment conc
tration, by a factor around 55. The compositions, therm
treatments, and structures of the studied samples are
scribed in Sec. II and their magnetic properties are prese
in Sec. III. By comparing susceptibility data for all studie
samples, as well as the literature data, we could demons
that the temperature dependence of the susceptibility exh
a universal behavior whatever the structural state, comp
tion, and thermal treatment of the samples~Sec. IV!. This
behavior can be explained by a Kondo effect competing w
RKKY interactions~Sec. V!. This analysis allows us to de
termine accurately the relative variations of the magne
moment concentration from sample to sample and to disc
the influence of composition and thermal treatments on m
netic properties~Sec. VI!.

II. SAMPLES: THERMAL TREATMENTS,
COMPOSITIONS, AND STRUCTURES

We studied pieces cut in large single grains as well
ribbons1,33 made by rapid quenching from the melt. The o
gin, composition, annealing treatment, and structural stat
each studied sample are given in Table I. Here ‘‘sample
used to denote a piece of quasicrystal after a given ther
treatment. For instance samples such asB-a1 andB-a2 cor-
respond to the same pieceB-a cut in the single grainB, after
successive annealing treatments~1! and ~2!, respectively.

The single grains were grown by the Czochralski te
nique~described, for instance, in Ref. 34! except single-grain
13440
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D grown by the Bridgman technique.28 All the pieces~bars
or disks, thickness smaller than 1 mm, weight 0.02–0.2!
were cut perpendicularly to the growth axis of the sing
grains. In the case of single-grainB, several pieces were cu
at various distancesd from the initial seed~37, 33, 32, 6, and
3 mm, respectively, for samplesB-a–B-e). PiecesF-a and
F-b were cut, respectively, at the bottom~end of growth! and
at the top~beginning of growth! of single-grainF.

Within the accuracy of x-ray diffraction, any seconda
phases were not detected in the studied samples. Howev
very few small precipitates of approximant phases were
served on polished sections by scanning electron microsc
Because approximant phases in the Al-Pd-Mn system
either nonmagnetic or, at least, only weakly magnetic,26 such
a small quantity of precipitates cannot influence the obser
magnetic properties. Besides, a ferromagnetic impu
phase, mostly located at the sample surface, was detect
all samples through magnetization measurements~see Ap-
pendix A!.

All thermal treatments have been performed under h
vacuum (1027 hPa) in alumina crucibles. The procedu
called slow cooling~SC! in Table I consists in a heating a
800 °C for 2 h followed by a cooling to either 600 or 500 °
at a rate of 10 °C per hour. This type of thermal treatmen
expected to favor structural transformations intoF2 or F2M
states for adequate compositions. As neither the compos
range nor the kinetics of these structural transitions is ac
rately known, we have applied the same slow cooling pro
dure in all cases. In the procedure called rapid cooling~RC!,
the QC pieces~or ribbons! were heated at 800 °C for 2 h and
subsequently cooled to 600 °C within less than 2 min
removing the furnace. This fast cooling procedure sho
impede structural transformations. Let us note that, prior
the thermal treatments described in Table I, the pieces
tracted from single crystalsA, B, andC were first annealed a
800 °C for 72 h.

Because of a noncongruent melting, both the liquid a
solid compositions change during solidification, resulting
a composition gradient along the single-crystal growth dir
tion. Therefore, it is necessary to analyze the composition
each sample used for magnetic measurements. In the pre
work, most compositions were determined by x-r
wavelength-dispersive spectroscopy~XWDS! on polished
sample faces. The XWDS analyses were calibrated using
atomic composition of sampleE-a determined by induc-
tively coupled plasma optical emission spectroscopy~ICP-
OES!. The error bars for this ICP measurement were
69.460.4 at. %; Pd, 21.9560.3 at. %; and Mn, 8.65
60.1 at. %. The statistic error bars reached in the case
XWDS were in a range of60.05 at. %—i.e., much less tha
the errors of ICP measurements. Therefore the accurac
composition variations is better than the accuracy on ab
lute compositions. Additional ICP-OES analyses were p
formed on sampleB-e and on pieces cut in the immedia
neighborhood of samplesB-a and F-a ~see Table I!. The
compositions determined by ICP and XWDS for samp
B-a andF-a are found compatible within the error bars.
the case of ribbons, the nominal compositions are given
Table I as well as those determined by XWDS.
2-2
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TABLE I. Samples studied. The different types of structures, determined by transmission electron microscopy, are classified acc
Fig. 1:F, F1diff A3, F2, andF2M correspond, respectively, to diffraction patterns~b!–~e!. Compositions in bold and italics were measur
by XWDS and ICP-OES, respectively. The nominal composition of ribbons is given within parenthesis. Details on the so-called slow
~SC! and rapid cooling~RC! procedures are given in the text. The scaling factora, arbitrarily set equal to 1 for sampleB-b, is proportional
to the atomic concentration of magnetic Mn atoms.

Composition and origin Thermal treatment Structure a

Single-crystalA a

A-a Al69.8Pd21.8Mn8.4 2 h 800°C1RC133h 500°C F2 1.5

Single-crystalB a

B-a1 Al70.2Pd21.8Mn8 /Al70.6Pd21.5Mn7.9 2 h 800°C1RC F1diff A3 1.5
B-a2 Al70.2Pd21.8Mn8 /Al70.6Pd21.5Mn7.9 B-a112 h 800°C1SC→500°C F2M 0.58

B-b Al70Pd22.5Mn7.5 2 h 800°C1SC→500°C F2M 1

B-c1 Al70Pd22.45Mn7.55 2 h 800°C1RC F1diff A3 1.79
B-c2 Al70Pd22.45Mn7.55 B-c112 h 800°C1SC→500°C F2 /F2M 1.07

B-d Al70Pd22.1Mn7.9 2 h 800°C1SC→500°C F1diff A3 2

B-e Al70.3Pd21.5Mn8.2 2 h 800°C1RC F1diff A3 2.92

Single-crystalC a

C-a Al70.1Pd21.4Mn8.5 2 h 800°C1RC (F1diff A3)/F2M 5.43

Single-crystalD b

D-a Al70.3Pd21.7Mn8.0 as-grown F2M 1.85

Single-crystalE c

E-a1 Al69.4Pd21.95Mn8.65 as-grown F 31.5
E-a2 Al69.4Pd21.95Mn8.65 E-a11172 h 600°C F1diff A3 18.8

Single-crystalF a

F-a Al69.7Pd22Mn8.3/Al69.6Pd22Mn8.4 as-grown F1diff A3 7.45
F-b Al69.1Pd22.5Mn8.4 as-grown F 19.7

Single-crystalG d

G-a Al69.5Pd22.15Mn8.35 as-grown F 7.7

Single-crystalH d

H-a Al69.7Pd21.8Mn8.5 as-grown F 10.75

Ribbonsr -A e

r -A Al69.7Pd22.0Mn8.3(Al70.3Pd21.4Mn8.3) 2 h 800°C1SC→600°C120 h 600°C F1diff A3 3.62

Ribbonsr -B e

r -B Al70.4Pd21.2Mn8.4~Al70.5Pd21Mn8.5! 4 h 800°C1RC F 5.25

Ribbonsr -C f

r -C (Al70.5Pd22Mn7.5) 24 h 750°C1RC F 1.44

aCzochralski growth~CECM!.
bBridgman growth, sample~10! in Table II from Ref. 28.
cCzochralski growth~LTPCM!, Ref. 34.

dCzochralski growth~IFF, Jülich!.
ePlanar flow casting~CECM!, Ref. 33.
fMelt spinning~LEPES!, Ref. 1.
si
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The sample structure was characterized by transmis
electron microscopy~TEM! investigations carried out on
fragments, obtained by crushing small pieces of ribbons
single crystals, deposited on copper grids coated with a
bon film. Structural states can be classified into different c
egories from electron diffraction patterns of icosahedral tw
13440
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fold zone axis ~Fig. 1!. As a reference scale, all th
diffraction patterns shown in this figure contain a twofold~or
pseudotwofold! icosahedral axis in a horizontal position
along which two white crosses mark the positions of both
transmitted beam and a 0/2 0/0 0/0 reflection~or an equiva-
lent reflection to this one!. The indexing ash/h8 k/k8 l / l 8
2-3
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FIG. 1. Electron diffraction
patterns of icosahedral o
pseudoicosahedral twofold zon
axes. The two white crosses mar
the positions of both the transmit
ted beam and a 0/2 0/0 0/0 reflec
tion ~or an equivalent reflection to
this one!. ~a! IcosahedralF phase
with linear phason strains.~b! Per-
fect F phase. ~c! F phase with
weak lines of diffuse scattering
parallel to the two threefold axes
~d! F2 phase. ~e! and ~f! F2M

phase~see text!.
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50/2 0/0 0/0 withQ0/2 0/0 0/051.17 Å21 was carried out us-
ing the scheme proposed by Cahnet al.35 Icosahedral or
pseudoicosahedral axesA5, A3, and A2 are indicated on
each pattern. Pattern~a! is typical of an icosahedralF phase
containing linear phason strains producing jags in reflec
rows which are normally aligned for a perfect icosahedraF
structure, such as the one observed in pattern~b!. The third
pattern ~c! exhibits icosahedralF reflections together with
lines of diffuse scattering parallel to the two threefold ax
situated in the plane of the pattern. Note that the intensity
these diffuse scattering lines was found to vary amo
samples belonging to this group. In pattern~d!, additional
satellite reflections characteristic of theF2 structural state31

are observed. Both the patterns~e! and ~f! are related to the
F2M phase which has been found to be a stable state re
ing of a transformation of theF2 state.32 Because of the loss
of icosahedral symmetry for five different variants of cub
symmetry, the patterns ofF2M along a pseudoicosahedr
twofold zone axis@~e! and~f!# are of two types~see Ref. 32!.
With respect to a vector basis of a 3D cubic system, the z
axis of patterns~e! and ~f! correspond to@t2 t̄ 1# and
@1 0 0#, respectively@t is the golden mean (11A5)/2].

The structural state observed by TEM is indicated
Table I for each sample. Several trends have to be em
sized. First, jags in reflection rows were only observed
as-quenched ribbons, not studied here. Second, a w
13440
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organized icosahedralF structure, without any measurab
diffuse scattering, was found in rapidly cooled ribbons and
several as-grown single crystals, but never in the slow
cooled samples. Third, different heat treatments lead to
ferent structural states in the case of samplesB-a andB-c.
Finally, in a large single crystal likeB, the structural state is
not homogeneous: the pieces cut at various distances
the seed exhibit different structural states even after sim
thermal treatments. It is clear in Table I for the slow-cool
samples, but it is also true for the rapidly cooled samp
(F1diff A3) for which the magnitude of the diffuse scatte
ing is not constant. Besides, in some cases, the struc
state is even not homogeneous within the sample. For
stance, coexistingF2 andF2M phases were observed withi
a unique fragment of samplesB-c2 andC-a.

III. MAGNETIC PROPERTIES

Magnetization measurements were performed by an
traction method using a superconductor quantum inter
ence device~SQUID! magnetometer. The magnetizationM
was measured as a function of temperature in a range
5–300 K under a fixed magnetic fieldH ~1 and 10 kOe!.

The magnetization was also measured at several fi
temperatures as a function of the field (H up to 50 kOe!. The
magnetic susceptibility of icosahedral Al-Pd-Mn phases
2-4
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MAGNETIC PROPERTIES OF ICOSAHEDRAL Al-Pd-Mn . . . PHYSICAL REVIEW B 68, 134402 ~2003!
ing isotropic,3 the crystallographic orientation of single cry
tal samples with respect to the field direction was not de
mined. Besides, demagnetizing field effects being negligi
any correction due to different sample shapes~disk or bar!
was not made.

For all samples, a Curie-like behavior, due to the prese
of localized moments, was observed: the magnetization m
sured in a fixed field was found to decrease with increas
temperature in the range 5–150 K. Besides, a small fe
magneticlike contribution, nearly temperature independ
below 150 K, was detected in single crystals as well as
ribbons, by analyzing the field dependence of the measu
magnetization at fixed temperatures~see Appendix A!. Its
magnitude varies from sample to sample. From the res
described in Appendix A, it seems reasonable to attribute
ferromagnetic contribution to the presence of a fore
phase, mostly located at the sample surface, which was
detected in structural characterizations. Although the fe
magnetic contribution remains small in all studied sample
must nevertheless be subtracted from the measured mag
zation in order to determine the magnetization of the Q
phase. This has been done for all data presented hereaft
using the procedure described in Appendix A.

In the following, we shall focus on the temperature d
pendence of the magnetic susceptibilityx. Since we ob-
served that the magnetizationM of the QC phase varies lin
early with the field up to 1 kOe at all temperatures in t

FIG. 2. Temperature dependence of the susceptibilityx, equal
to M /H in 1 kOe, corrected from the ferromagnetic contribution
explained in Appendix A. Lines are guides to the eye. Sample la
refer to Table I. The magnitude of the susceptibility varies by
factor 55 between the more magnetic sampleE-a1 and the less
magnetic oneB-a2.
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range 5–300 K, we could identifyx to M /H for H
51 kOe. Typical susceptibility data are shown in Fig.
Note that a very large range of susceptibility magnitude, a
hence of magnetic moment concentrations, is spanned by
studied samples. From Fig. 2 and Table I, it is clear t
small composition changes strongly modify the magnitude
the susceptibility. In addition, for a given piece of sing
grain, the susceptibility depends on the applied thermal tr
ment.

Besides, it is striking to observe the existence of an e
lution of the susceptibility magnitude along the growth ax
of single-grainB: the data obtained for pieces annealed un
similar conditions depend on their distance from the se
~see Sec. VI!.

For most samples, the susceptibility decreases with

ls

FIG. 3. Scaling of the susceptibility data vs the inverse tempe
ture. x0 was estimated by extrapolating the susceptibility in t
limit 1/T→0. The scaling factora is adjusted so that data fo
different samples coincide.a has been arbitrarily set equal to 1 fo
sampleB-b. Sample labels refer to Table I.

FIG. 4. Same as Fig. 3 but for more magnetic samples.
2-5
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F. HIPPERTet al. PHYSICAL REVIEW B 68, 134402 ~2003!
creasing temperature in the range 5–300 K, but for the
magnetic ones, a slight increase of susceptibility was
served with increasing temperature above 150 K. As sho
in Appendix B, such a behavior can be ascribed to a pecu
temperature dependence of the Pauli susceptibility of
conduction electrons in QC phases.14,36 Below 150 K the
Pauli contribution can be considered as temperature inde
dent. Therefore the analysis of susceptibility data was
stricted to the range 5–150 K for all samples.

In all cases, we observed that the susceptibility does
vary linearly with the inverse temperature: thex(1/T) curves
exhibit a continuous curvature~see Fig. 3!. Thus, a Curie law
(x5C/T with C the Curie constant!, expected for localized
moments without any magnetic interactions, is never obey
whatever the magnitude of the susceptibility. These obse
tions are in agreement with previously published results.1–13

At this step, we shall lay aside the analysis of the tempe
ture dependence of the susceptibility. In the next section,
shall directly compare the susceptibility data measured
different samples and shall establish that Al-Pd-Mn icosa
dral phases exhibit a universal magnetic behavior, des
large variations of the susceptibility magnitude from sam
to sample.

IV. COMPARISON OF SUSCEPTIBILITY DATA
FOR DIFFERENT SAMPLES

We shall first compare the susceptibility data for samp
of Table I and then include the literature data.

A. Samples from the present work

Here, we are interested in the contribution of the magn
Mn atoms to the total susceptibilityx of the QC phase. Thus
we have to subtract a temperature-independent contribu
denotedx0, from x. Thex0 term accounts for the sum of th
Larmor and Pauli contributions. Here, below 150 K, t
Pauli contribution can be considered as temperature inde
dent: see Appendix B. As the magnetic Mn atom contribut
(x-x0) is expected to vanish in the infinite-temperature lim
thex0 value was obtained from the extrapolation towards
limit 1/T50 of a polynomial fit ofx(1/T) performed in the
temperature range 5–150 K. The obtainedx0 values, of the
order of 20.431026 emu/g, were found to vary only
slightly from sample to sample.

Then, for each sample, we have plotted@x(T)-x0#/a ver-
sus 1/T, where a is a scaling factor, adjusted so that a
susceptibility data coincide with those of an arbitrarily ch
sen reference sample (B-b with a51).37 The a values are
reported in Table I. An excellent superposition of the norm
ized susceptibility data (x-x0)/a can be obtained in the
range 5–150 K for samples with 0.58<a<3 ~Fig. 3!. Thus,
in thesea andT ranges, the temperature dependence of
susceptibility obeys a single law whatever the structu
state, annealing treatment, and composition. Therefore,
these samples, the atomic concentration of magnetic
ments~hereafter notedx) is proportional to the scaling facto
a.
13440
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For samples witha>3, scaled susceptibility data can n
longer be put into coincidence in the whole temperat
range~Fig. 4!. In this case, thea values have been dete
mined by superposing susceptibility data from 150 K do
to the lowest possible temperature notedT* . Below T* , the
measured susceptibility is larger than that expected from d
obtained for the less magnetic samples. The magnitude o
deviations increases witha. TheT* values increase continu
ously witha @from 8 K in sampleC-a (a55.43) to 20 K in
sampleE-a (a531.5)]. These low-temperature deviation
from the behavior observed in the less magnetic samples
be explained by the presence of magnetic interactions
tween magnetic Mn atoms, as will be discussed in Sec
Anyway at high enough temperature~aboveT* ) the effect of
these magnetic interactions can be neglected and the mo
concentration is still proportional to the scaling factora.

Therefore we can conclude from this scaling proced
that the magnetic moment concentration varies widely, b
factor of about 55, in the samples studied here.

B. Literature samples

Using the same scaling procedure, we analyzed pr
ously published susceptibility data on icosahedral Al-Pd-M
phases. In most cases, an excellent agreement with
present results was observed: See Fig. 5. There are on
few exceptions which will be examined hereafter. Thex0
anda values obtained for the literature samples are repo
in Table II ~with a51 for sampleB-b). Thea values~from
4.4 to 43! reveal relatively large magnetic Mn concentratio
with respect to the less magnetic samples studied in
work. On can note that thex0 values reported in Table II are
systematically larger than those found for the samples s
ied in the present work (x0;20.431026 emu/g). The rea-
son is that no attention has previously been paid to the e

FIG. 5. Scaling of the susceptibility data for literature sampl
The corresponding references are given in brackets. The sca
factor a is obtained by settinga51 for sampleB-b as in Figs. 3
and 4. SamplesH-a andE-a1 are also drawn for comparison.
2-6
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TABLE II. Magnetic properties of Al-Pd-Mn icosahedral single crystals from the literature. Structure
indicated when determined by transmission electron microscopy. The scaling factora is obtained by setting
a51 for sampleB-b as in Table I.

Reference Thermal treatment Structure x0 ~emu/g! a

Fisheret al. a as-grown F 10.0231026 12.9
Nimori and Tsaib as-grown 10.431026 32.5
Matsuoet al. c 18 h 798°C1quenched F1diff A3 20.131026 24.5
Saitoet al. d 35 h 806°C1quenched F 20.0531026 36.5
Escuderoet al. e as-grown 11.431026 26
Lasjauniaset al. f as-grown 20.131026 43
Kobayashiet al. g sample 1 18 h 802°C,1quenched F1diff A3 20.1531026 14.7
Kobayashiet al. g sample 1 20°C→600°C→20°C F2 20.3231026 4.3

~steps of 20°C each 20 min!

aReference 6.
bReference 8.
cReference 3.
dReference 2.

eReference 7.
fReference 5.
gReference 10.
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tence of ferromagnetic contributions. Therefore, thex0
values reported in Table II include, in addition to the Pa
and Larmor contributions, a contribution from the ferroma
netic phase~equal to the term notedxF in Appendix A!. This
explains the large dispersion of thex0 values and even the
occurrence of positive values. We also tried to analyze
susceptibility data of Al71Pd18Mn11 ribbons from Ref. 5.
However, in this very magnetic sample, RKKY interactio
between magnetic Mn atoms are so strong that they lead
spin-glass transition at a rather large temperatureTg
53.6 K. Then the validity of the scaling procedure is que
tionable and the obtaineda value (110620), affected by
large error bars, is only indicative.38

In conclusion, the analysis of literature samples confir
that the magnetic susceptibility of Al-Pd-Mn QC phas
obeys a universal behavior. Note that good agreemen
found for the single crystal of Ref. 8 (a532.7), despite the
strange magnetic behavior observed in low fieldH
5100 Oe). Therefore, the low-field anomalies reported
Ref. 8 are probably due to the presence of an extrinsic
romagnetic contribution, similar to the ones observed in
presently studied samples~Appendix A!. Discrepancies in
the scaling procedure were only observed for single crys
of Refs. 4 and 9. In the first case, no scaling could be p
formed whatever the temperature range. In the second
susceptibility data could be satisfactorily scaled from 120
to 28 K with a575 andx051.131026 emu/g revealing an
appreciable ferromagnetic contribution. However, below
K, the normalized susceptibility is much smaller than e
pected from data on samples with comparable or e
smaller a values.17 Such a behavior is clearly anomalou
Therefore, this sample, used in NMR studies,9,39 could be
nonrepresentative of the universal behavior of icosahe
Al-Pd-Mn phases.

C. Universal magnetic behavior of Al-Pd-Mn
icosahedral phases

In summary, the scaling of susceptibility data reveals
universal behavior of the temperature dependence of m
netic susceptibility in Al-Pd-Mn QC phases.
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Above a sample-dependent temperatureT* , the tempera-
ture dependence of the susceptibility is the same in
samples and reveals therefore a single moment behavio
follows that the scaling factora is proportional to the con-
centrationx of magnetic moments. BelowT* , the suscepti-
bility departs from this single-moment behavior. The mag
tude of the deviations and theT* value increase
continuously whena and hence the moment concentrati
increases. For the less magnetic samples, the fact tha
scaling is obeyed down to 5 K probably means thatT* is
lower than 5 K.

The temperature dependence of the susceptibility exhi
the same behavior in ribbons and in single crystals of diff
ent origins, elaborated by different growth techniques~Czo-
chralski, Bridgman, or ‘‘self-flux’’ technique in the case o
Ref. 6!. It is independent of the structural state (F with or
without diffuse scattering,F2, or F2M). Only a and thus the
moment concentrationx vary from sample to sample by
factor close to 80 if one considers both the presently stud
samples ~Table I! and the literature samples~Table II!.
Therefore this scaling procedure allows a determination
relative variations of the moment concentration betwe
samples, independently of the analysis of the tempera
dependence of the susceptibility. Of course a determina
of the value of the moment concentration requires such
analysis~see next section!.

Finally, once the contribution from the ferromagnet
phase has been carefully subtracted~according to the proce
dure explained in Appendix A!, the temperature-independe
contribution x0, due to the sum of the positive Pauli an
negative Larmor contributions, is found of the order
20.431026 emu/g. This value is similar to the susceptibi
ties measured for Al-Cu-Fe and Al-Pd-Re quasicrystals w
no localized moments.14,16 Thus, the large negative value
for x0 in icosahedral Al-Pd-Mn QC phases are in a favor
a small Pauli contribution and hence of a reduced total d
sity of states at the Fermi level, in agreement with results
specific heat measurements.4,5
2-7
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V. ANALYSIS OF THE TEMPERATURE DEPENDENCE
OF THE MAGNETIC SUSCEPTIBILITY WITHIN

A KONDO MODEL

The curvature of thex(1/T) curves ~Figs. 3 and 4! is
more pronounced for samples with smalla values and,
hence, small moment concentrations. This observation
cards an origin of these curvatures due to magnetic inte
tions between the magnetic Mn atoms, which would inste
increase withx. We shall show that the temperature depe
dence of the magnetic susceptibility in Al-Pd-Mn icosahed
phases can be explained by a Kondo effect which is due
coupling between a magnetic moment and the spins of
conduction electrons. We proposed this hypothesis in pr
ous works13,25,27but it was only tested for a quite restricte
range of magnetism variations.

A. Kondo analysis for a single moment

Let us recall that a Kondo effect is usually encountered
alloys containing 3d impurities diluted in a host metallic
matrix, such asCuMn or CuFe alloys, as well as in Ce
based heavy-fermion compounds.40 In the presence of a
Kondo coupling (JSW •sW, with J,0), the conduction-electron
spinssW tend to screen the localized spinSW . This screening is
only complete at temperatures much lower than a charac
istic Kondo temperatureTK „TK}exp@21/uJu N(EF)# with
N(EF) the density of states at the Fermi level…. It results in a
saturation of the susceptibility forT!TK in contrast with the
paramagnetic case wherex diverges as 1/T. For T→0, the
Kondo normalized magnetic susceptibility per magne
atom xTK /C tends towards a constant universal value40

Here, C is the Curie constant:C5Nxg2mB
2S(S11)/3kB

whereN is the total number of atoms. ForT@TK the pres-
ence of a Kondo coupling is revealed by logarithmic dev
tions from a Curie law. In practice, the Curie limitx5C/T is
never reached experimentally even in systems withTK as
low as a few mK such as diluteCuMn alloys.

Using the analytical results of then-channel Kondo mode
for n52S ~with S the spin of the magnetic atom!,40 the the-
oretical susceptibility can be computed at all temperatu
xTK5C f(T/TK). Hereafter theS dependence40 of f (T/TK)
will be neglected. In usual alloys, the moment concentrat
x is known and thus there are only two unknown parame
to be obtained from the fit of the measured susceptibility:
value of the spinS deduced from that ofC and the Kondo
temperature. However, in the case of Al-Pd-Mn QC phasex
is an additional unknown parameter. Thus the estimate of
fitting parameterC @}xS(S11)# cannot provide separat
values ofx andS. In the following, in order to obtain a valu
of x, we assumed a value ofS equal to 5/2 for Mn atoms in
the high-temperature limit, neglecting orbital effects.

A very good fit of susceptibility data can be obtained f
the less magnetic Al-Pd-Mn icosahedral phases in the t
perature range 5–150 K. An example is shown in Fig. 6
sampleB-b ~with a51) for which the range of measure
ments has been extended down to 2 K. This fit provides b
the value ofTK51.2 K and that ofx56.531025. Therefore,
the Kondo analysis allows us to establish a corresponde
13440
s-
c-
d
-
l
a
e
i-

n

r-

c

-

s:

n
rs
e

e

-
r

th

ce

between thea values determined using the scaling proced
of Sec. IV and the magnetic Mn atomic concentration:x
56.531025a. Note that the smallx values obtained for the
less magnetic samples justify the application of a Kon
approach which, strictly speaking, is only valid in a sing
impurity limit.

We already mentioned that in many previous works
susceptibility of Al-Pd-Mn QC phases has been fitted by
Curie-Weiss law:x(T)2x05C/(T1Q) where Q is the
Curie-Weiss temperature. Here, let us make three rem
about such fits. First, they were found valid only in restrict
temperature ranges so that the values ofC, Q, and x0 de-
pend actually on the analyzedT range~see, for instance, Ref
10!. Second, they lead to underestimated values ofx. For
example in the case of sampleB-b, a Curie-Weiss fit can be
performed in the temperature range 5–80 K. It leads toQ
52.4 K andC54.631026 emu K/g from which one obtains
x54.931025 ~assumingS55/2) to be compared toC
56.231026 and thus x56.531025 deduced from the
Kondo fit. Third, in the literature, the Curie-Weiss temper
tureQ was mostly ascribed to magnetic interactions betwe
the localized moments. But, actually, in restricted tempe
ture ranges aboveTK , a Curie-Weiss law can describe th
theoretical Kondo susceptibility as well.40 The obtainedQ
value is larger thanTK ,40 and the Curie constant is reduce
with respect to its high-temperature limit.

B. Competition between Kondo and RKKY interactions

For the less magnetic samples, including sampleB-b, the
success of the scaling down to 5 K shown in Fig. 3 can be
interpreted as follows. The susceptibility of these samp
follow the same temperature dependence in the range 5–
K and, consequently, the same Kondo behavior, implying
same Kondo temperature.

Obviously, the susceptibility behavior of more magne
samples~with a>3 and hencex>231024) requires addi-
tional explanations. The curvature of thex(1/T) curves in-
duced by the Kondo effect still exists but the scaled susc
tibility data for these samples do not coincide down to 5
~see Fig. 4 and Sec. IV A!. The low-temperature deviation

FIG. 6. Fit of the susceptibility data for sampleB-b in a Kondo
model with TK51.2 K and a magnetic moment concentrationx
56.531025 ~assumingS55/2).
2-8
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from the previous single behavior increase withx. Thus we
can assume that they are due to magnetic exchange int
tions occurring between magnetic Mn atoms, increasing w
x. It is exactly what is expected for a dilute metallic allo
where the magnetic interactions between localized mom
are of RKKY type—i.e., mediated by the conductio
electron spins. The energy of the RKKY interaction betwe
two localized moments, separated by a distancer, varies as
1/r 3. Thus, at a given temperature, the influence of the m
netic interactions increases as the mean distance^r & between
magnetic Mn atoms decreases—i.e., asx increases. For the
less magnetic samples studied here, one cannot exclud
existence of similar low-temperature deviations ofx(T)
from the Kondo susceptibility, due to RKKY interaction
but at temperatures lower than 5 K.

The existence of RKKY interactions in Al-Pd-Mn QC
phases is directly revealed by the observation of spin-g
transitions. In the later case, the freezing of the local m
ments manifests itself by a cusp of the ac susceptib
xac(T) occurring at a temperatureTg . TheTg value is close
to the actual transition temperature provided that the ma
tude and frequency of the applied ac field remain sm
enough. We measured the ac susceptibility~frequency, 2 Hz;
ac field, 1 Oe! of two samples down to 0.1 K. We used
SQUID magnetometer equipped with a miniature diluti
refrigerator. We detected a susceptibility cusp at a temp
ture Tg50.23 K for single-crystalC-a (x53.531024) and
0.62 K for single-crystalE-a2 (x51.231023): see Fig. 7.
These values can be compared with those reported in Re
Tg51.1 K for a single crystal to which we ascribeda543
~and hencex52.831023) in Table II and Tg53.6 K for
Al71Pd18Mn11 ribbons for whicha5110620 ~Sec. IV B!
and hencex;731023. A Tg value of 0.5 K is reported in
Ref. 4 but the susceptibility data for this single crystal cou
not be satisfactorily scaled~Sec. IV B!. If magnetic Mn at-
oms are randomly diluted, the distance dependence of RK
interactions (}1/r 3) implies that the spin-glass transitio
temperatureTg increases linearly withx ~neglecting any
damping effect!. The above results are in qualitative agre
ment with this prediction.

FIG. 7. The ac susceptibility exhibits a cusp atTg50.23 K for
single-crystalC-a (x53.531024) and 0.62 K for single-crysta
E-a2 (x51.231023).
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In conclusion, the temperature dependence of the m
netic susceptibility in Al-Pd-Mn QC phases can be explain
by a Kondo effect gradually affected by RKKY interaction
between magnetic Mn atoms as their concentration increa
Such a competition between Kondo and RKKY couplings
a common behavior in dilute alloys, where the RKKY inte
actions tend to restore the localized magnetic mom
screened by the conduction electrons. For instanceCuMn
alloys are an example of Kondo systems for Mn concen
tions less than 1024 ~with TK of the order of a few mK! and
are an archetype of spin glasses for higher Mn contents.41 In
the case of Al-Pd-Mn QC phases, the existence of a Ko
effect is ascertained by measurements of the electrical c
ductivity s(T) on weakly magnetic samples.13 Indeed,s(T)
was found to increase with decreasing temperature follow
a 2 ln T law. The magnitude of this increase is proportion
to the moment concentration. The fact that the conductiv
instead of the resistivity, exhibits these characteristic Kon
features is due to the unconventional transport propertie
quasicrystals.42

Note that in the previous analysisTK was assumed to be
independent ofx and equal to its value in the single-mome
limit when magnetic interactions are negligible. The dep
tures from the Kondo fit belowT* have been ascribed t
magnetic interactions but the analysis of the susceptib
data has been performed in a restricted temperature ra
T* –150 K. Another approach consists in allowingTK to
vary from sample to sample and in analyzing the suscept
ity data in a larger temperature range. Such an analysis
been performed in the temperature range 2–150 K in Ref
for weakly magnetic Al-Pd-Mn icosahedral phases. A co
tinuous decrease ofTK has been obtained from 1.2 K to 0.
K asx increases from 3.731025 to 19.331025. In Refs. 25
and 27, a Kondo analysis was applied to single crystals w
relatively high magnetic moment concentrations: sampleB
and C of Ref. 25 are, respectively, samplesF-b (x51.28
31023) andF-a (x54.831024) of the present work while
sample A is close to sampleE-a1 (x52.0431023). A
Kondo fit for these samples in the temperature range 10–
K leads toTK50.7 K. Although these results would sugge
that the Kondo temperature is simply renormalized in pr
ence of RKKY interactions and decreases asx increases, the
range of analyzed temperatures is too restricted to asce
this conclusion. Besides, one cannot exclude the existenc
anx-dependent distribution ofTK values. Further studies ar
in progress in order to clarify this point.

Note that the magnetic properties of Al-Pd-Mn icosah
dral phases are quite similar to those of metasta
Al ~Si!-Mn quasicrystals. A Kondo analysis could also be a
plied to icosahedral and decagonal Al-Mn phases and to
m-Al4Mn approximant phase, leading to a slightly larg
Kondo temperature of 5.3 K.27 Also, spin-glass transitions
have been observed in metastable Al~Si!Mn phases.20,43

VI. DISCUSSION

Although the concentration of magnetic moments
icosahedral Al-Pd-Mn ribbons and single crystals var
widely from sample to sample, it remains small in all cas
2-9
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It ranges fromx53.831025 for the less magnetic sampl
ever studied~sampleB-a2 of the present work! to x52.8
31023 for the single crystal of Ref. 5. Therefore only
small fraction of the total number of Mn atoms is magnet
4.831024 in sampleB-a2 ~i.e., one Mn atom over 2000! and
331022 in the single crystal of Ref. 5.

Several features indicate that the magnetic moments
well diluted in the quasicrystalline phase. First, the susce
bility can be analyzed in terms of the Kondo effect, which
a single magnetic impurity model. Second, when the RKK
interactions compete with the Kondo effect, one observe
well-defined spin-glass transition, characteristic of a rand
spatial distribution of the magnetic moments in diluted
loys. Third, it has been shown that the electrical conductiv
of weakly magnetic samples varies linearly with the conc
tration of moments,13 which therefore act as isolated stat
defects.

By comparison with approximants and from theoretic
considerations on moment formation,22–24 one can propose
that magnetic Mn atoms are associated with particular e
ronments. However, our present understanding of the
structure44 is not complete enough to identify such a sm
number of these particular atomic sites. Meanwhile, one
try to determine parameters governing moment formation

First, in agreement with previously reported results,10–12

annealing treatments are found to affect the magnitude of
susceptibility. After a rapid cooling from 800 °C, the conce
tration of magnetic Mn atoms is systematically found larg
than after a slow cooling. The ratio of magnetic Mn conce
trations between rapidly and slowly cooled states is 2.6
sampleB-a and 1.7 for sampleB-c, to be compared to 3.3
for sample 1 of Ref. 10~Table II!.

Second, magnetic properties are extremely sensitive
composition. It must be emphasized that large variations
the magnetic moment concentration occur for relativ
small changes in the quasicrystal composition~Mn, 7.5–8.65
at. %, and Pd, 21.4–22.5 at. %, for the samples in Table!.
Note that the largest concentrations of magnetic moments
found in Mn-rich samples. In Ref. 19, an increase ofx with
the Mn content has been reported in ribbons with high
content ~from 10 to 15 at. %! which must correspond to
metastable QC phases as their compositions are clearly
side the existence domain of icosahedral phases in the
Pd-Mn system.28,29 But it is clear from Table I that the Pd
content also influencesx. Unfortunately, despite the larg
number of studied samples, it turned out to be difficult
better characterize the composition dependence ofx. Due to
the sensitivity of magnetism to thermal treatments, o
samples annealed in the same conditions can be comp
As a consequence, as-grown single crystals must be excl
as they were submitted during their growth to uncontrol
thermal treatments.

The extreme sensitivity of the susceptibility magnitude
composition manifests itself by its evolution along t
growth axis of single-grainB grown by Czochralski tech
nique ~Fig. 8 and Table I!. A continuous decrease of th
scaling factor and hence ofx is observed, both for rapidly
and slowly cooled states, as the distanced between the
sample and the seed increases. In contrast, no apprec
13440
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difference was observed between samplesB-b andB-c2 cut
at the same distance (d530 mm) on opposite sides of th
ingot ~10 mm diameter!. Let us note that even the sma
samples used for magnetic measurements are not neces
homogeneous. Indeed, a decrease of the magnetic Mn
centration by a factor 1.08 was observed after polishing
faces of sampleB-e ~small disk cut perpendicularly to th
growth axis!, reducing its mass by 16%. Besides, the stru
tural state of the different samples also changes withd ~see
Table I and Sec. II!.

Therefore neither the magnetic moment concentration
the structural state is constant along the growth axis of la
single grains grown by the Czochralski technique. As a c
sequence, samples used for magnetic studies have to b
perpendicularly to the growth axis, as actually done in t
work. The same remark applies to samples used in trans
studies since the concentration of magnetic Mn directly
termines the resistivity.13 A nonuniform magnetic momen
concentration probably also explains the variations of
magnetoresistance along the growth axis of an Al-Pd-
single grain reported in Ref. 45.

VII. CONCLUSION

From the present study of the magnetic properties o
large set of samples and comparison between our data
previously published ones, we can draw conclusions for s
eral issues of magnetism in the icosahedral Al-Pd-M

FIG. 8. Susceptibility data for samples cut at different distan
d from the seed within single-grainB: ~a! rapidly cooled samples
~b! slowly cooled samples. Lines are guides to the eye. Sam
labels refer to Table I.
2-10
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MAGNETIC PROPERTIES OF ICOSAHEDRAL Al-Pd-Mn . . . PHYSICAL REVIEW B 68, 134402 ~2003!
phases. The fraction of magnetic Mn atoms is always v
small, most of the Mn atoms being nonmagnetic, and
moments are diluted in the quasicrystalline structure. Thi
in agreement with the dependence of the conductivity
weakly magnetic samples with the moment concentration13

We have shown that the occurrence of magnetic mom
is affected by thermal treatments and by small composi
changes. Thus, it is clear that magnetism changes re
subtle structural changes, in agreement with theoretical
dictions of a moment formation on Mn atoms influenced
the local and medium range environment.24 Unfortunately
going further is difficult as long as no identification of th
sites occupied by magnetic Mn can be performed.

Besides, we have shown that, in Al-Pd-Mn icosahed
phases, the temperature dependence of the suscepti
obeys a universal behavior which is independent of the st
tural state (F with or without diffuse scattering,F2, or
F2M). Polycrystalline ribbons and single crystals, whate
their elaboration technique, exhibit similar properties. O
the number of magnetic Mn varies from sample to samp
The temperature dependence of the susceptibility can be
plained by a Kondo effect gradually affected by RKKY ma
netic interactions as the concentration of magnetic Mn ato
increases.
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APPENDIX A: EVIDENCE FOR A FERROMAGNETIC
CONTRIBUTION

In the absence of any ferromagnetic contribution and
large enough temperatures, the measured magnetiz
Mmeas is expected to be proportional to the field. Thus t
curvesMmeas/H versusT measured in different fixed field
should coincide.~Differences are only expected at low tem
peratures when the contribution of localized moments is
more proportional to the field.! It is obviously not the case a
is illustrated in Fig. 9~a! for ribbonsr -A ~nominal composi-
tion: Al70.3Pd21.4Mn8.3, slowly cooled from 800 to 600 °C)
This effect is observed in all samples. It suggests the e
tence of an additional ferromagnetic contribution of lar
Curie temperature. Such a contribution is revealed by
analysis of the field dependence of the measured magne
tion at constant temperature. Although its presence is
obvious from theMmeas(H) curves@Fig. 10~a!#, it is clearly
observed whenMmeas(H)2aH is plotted versusH, where
the constanta is chosen such thatMmeas(H)2aH is nearly
field independent at large fields@Fig. 10~b!#. Then,
13440
y
e
is
f

ts
n
al

e-

l
lity
c-

r

.
x-

s

y-

t
ion

o

s-

e
a-

ot

Mmeas(H)2aH can be identified with the ferromagnet
contribution.

The later reaches saturation above 10 kOe: See Fig. 10~b!.
The saturated magnetization, denotedMF , is found nearly
temperature independent below 150 K which indicates a
rie temperature above room temperature. The magnitud
MF varies from sample to sample. For single crystals,MF is
usually of the order of 531025 emu/g ~for sample mass
;0.2 g). For ribbons,MF is typically one order of magni-
tude larger. In a few cases, a marked increase ofMF was
observed after an annealing treatment. For single crysta
soft polishing of the surface was then found to reduce app
ciably MF . Therefore, the ferromagnetic contribution cou
be due to a superficial oxidation of the QC phase. Althou
its existence has marked consequences on magnetic mea
ments, due to the very small intrinsic magnetism of the Q
phase, it does not affect significantly the composition of
QC phase. For an atomic Mn concentration of 0.08 in the
phase and a saturated ferromagnetic magnetizationMF55
31025 emu per sample gram, the relative fraction of the M
atoms embedded in the ferromagnetic phase is equal to 126

~assuming all the Mn atoms in the ferromagnetic phase c
a spin equal to 5/2!. In the worse cases, such as for ribbo
r -A with MF54.531024, this fraction reaches;1025.

In order to determine the magnetic contribution of the Q
phase as a function of temperature, the contribution of
ferromagnetic phase must be subtracted. As the latter d
not depend significantly on temperature below 150 K, o

FIG. 9. ~a! Temperature dependence of the measured magn
zationMmeasdivided by the applied fieldH for ribbonsr -A ~nomi-
nal composition Al70.3Pd21.4Mn8.3, slowly cooled to 600 °C!. ~b!
Temperature dependence ofMmeas/H2xF , wherexF is the ferro-
magnetic contribution determined as explained in the text.
2-11
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can assume thatM /H for the QC phase is equal t
Mmeas/H2xF , where xF is a field-dependent an
temperature-independent constant. In fields larger than
kOe, the ferromagnetic contribution being saturated,xF is
simply equal toMF /H. Indeed, as shown in Fig. 9~b! for
sample r -A, for H510 kOe and 50 kOe theMmeas/H
2MF /H versusT curves coincide, except of course at lo
temperature~below 18 K! where the intrinsic magnetizatio
of the QC phase is no more proportional to the field. ForH
51 kOe, thexF value has been determined so that t
Mmeas/H2xF versusT curve coincide with the correcte
M /H data inH510 and 50 kOe. The excellent superimp
sition of all M /H versusT data@Fig. 9~b!# confirms the va-
lidity of the previous analysis and the temperature indep
dence of the ferromagnetic contribution at least below 1
K.

The susceptibility data,x5M /H for H51 kOe, pre-
sented in the core of the present paper have been correct
explained above. The correction is usually negligible for
more magnetic samples but its relative weight becomes m
important for the less magnetic ones. As the ferromagn
contamination decreases slightly with increasing tempera
above 150 K, slight discrepancies are expected, and actu
observed for several samples, in the scaling of susceptib
data presented in Sec. IV when data in the range 150–30
are included. For this reason and also because of the p
ence of aT2 contribution in the Pauli susceptibility~see Ap-

FIG. 10. ~a! Measured magnetization vs field at constant te
perature for ribbonsr -A ~nominal composition Al70.3Pd21.4Mn8.3,
slowly cooled to 600 °C).~b! Same data but a term proportional
the field has been subtracted in order to evidence the ferromag
contribution.
13440
10

-
0
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K
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pendix B!, the analysis of susceptibility data was restricted
the range 5–150 K.

APPENDIX B: T2 CONTRIBUTION TO THE
SUSCEPTIBILITY

A small increase of the magnetic susceptibility was d
tected above 150 K in the less magnetic samples. This ca
explained by the existence of a contribution proportional
the square of the temperature. In the range 50–300 K,
susceptibility data of the less magnetic samples studied
can be fitted by assumingx(T)5x01C/T1AT2. For sim-
plification, a Curie law (C/T) was assumed here to describ
the contribution of localized moments above 50 K. An e
ample is shown in Fig. 11 for ribbonsr -C @A50.44
310212 emu/(g K2), x0520.48831026 emu/g, and C
56.631026 emu K/g].

Such aT2 contribution had been previously observed
several Al-Pd-Mn icosahedral phases from susceptibi
measurements above 300 K.2,10,18 The magnitude of theT2

term obtained here is in agreement with the values repo
in Refs. 2 and 18. It is slightly higher than the value repor
in Ref. 10 because, in addition to theT2 term, a contribution
proportional toT4 was introduced in Ref. 10. SimilarT2

contributions have also been reported for icosahedral ph
with no localized moments in the Al-Cu-Fe and Ga-Mg-Z
systems.14,36 They have been ascribed to a temperature
pendence of the Pauli paramagnetism of conduction e
trons caused by a sharp pseudogap in the electronic de
of states around the Fermi level.

Although suchT2 contributions are likely present for a
the samples studied here, they could be discarded in
analysis of susceptibility data presented in Secs. IV and
They are obviously completely negligible for the more ma
netic samples below 300 K. For the less magnetic ones, s
as ribbonsr -C, their influence is negligible below 150 K
The analysis of susceptibility data was therefore restricte
the range 5–150 K and the Pauli susceptibility was assum
to be temperature independent in thisT range.

-

tic

FIG. 11. Temperature dependence of the susceptibility for
bons r -C ~nominal composition Al70.5Pd22Mn7.5, rapidly cooled
from 750 °C). The solid line is a fit tox(T)5x01C/T1AT2 with
x0520.48831026 emu/g, C56.631026 emu K/g andA50.44
310212 emu/(g K2). The dashed line represents the sum of thex0

andAT2 contributions.
2-12
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