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Local order and magnetism in liquid Al-Pd-Mn alloys
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We report neutron scattering experiments on several Al-Pd-Mn liquid alloys with Mn content between 3.5
and 7.2 at. % which are in thermodynamical equilibrium with icosahedral quasicrystalline or approximant
phases. The results reveal an overall similarity between the structure factor in the solid and in the liquid states,
suggesting the presence of a strong icosahedral local order in the liquid state. Simulations of the structure
factor at large momentum transfer support this interpretation. In addition, a marked increase of the neutron
scattering cross section at small momentum transfer occurs on melting, revealing the appearance of paramag-
netic scattering in the liquid state. A comparison with susceptibility measurements combined with additional
neutron scattering experiments using polarized neutrons, demonstrates that magnetic moments are present in
the liquid state and not in the solid state. In the liquid state, at a given temperature, the same spin value can be
extracted from the paramagnetic scattering and the susceptibility data. The link between the evolution of the
magnetic properties and that of the short- and medium-range order at the melting point is discussed. Surpris-
ingly, the paramagnetism continues to increase with temperature in the liquid state. This remarkable behavior
might be due either to an increase of the spin value with temperature as a consequence of thermal expansion
or to the coexistence of magnetic and nonmagnetic Mn in temperature-dependent proportions. The origin of
this behavior is discussed in relation to the evolution of the liquid structure.@S0163-1829~98!07033-7#
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I. INTRODUCTION

The discovery of quasiperiodic structures with icosahed
symmetry by Shechtmanet al. in 1984 ~Ref. 1! has aroused
interest in the study of the relationship between short-ra
icosahedral order in liquid alloys or metallic glasses and
long-range order in this new state of matter.2,3 Previously,
the idea that structures of liquid metals could be based
packings of icosahedral units was suggested by Frank in
der to explain supercooling effects.4 Even though this prop-
erty was later confirmed by molecular dynamics simulatio
of supercooled liquids,5 experimental proof is still required
Let us recall that the first quasicrystalline samples of She
manet al. ~Ref. 1! were obtained by melt spinning of liqui
Al-Mn and Al-Cr alloys. Since these compounds were me
stable, several authors6 first attempted to describe their stru
ture by icosahedral glass models which display long-ra
orientational order, but only short-range translational ord
which would lead to rather sharp diffraction peaks in acc
dance with experimental diffraction patterns observed
these first materials. Alternatively, the possibility of a
icosahedratic phase~i.e., a three-dimensional generalizatio
of the two-dimensional hexatic phase! has also been
PRB 580163-1829/98/58~10!/6273~14!/$15.00
l

e
e

n
r-

s

t-

-

e
r,
-
n

discussed.7 However, these models were progressively ab
doned when stable quasicrystalline phases exhibiting Br
peaks as narrow as those of periodic crystals of good qua
were found in, for instance, Al-Fe-Cu and Al-Pd-Mn phas
From several diffraction studies, it was shown that both o
entational order and long-range quasiperiodic translatio
order occur in these stable phases8,9 which exhibit anomalous
transport properties such as a very high resistivity.10 Most
structural models involve packings of various icosahed
clusters with a large number of atoms, such as Mackay c
ters ~54 atoms! in Al-Pd-Mn quasicrystals or Bergman clus
ters~104 atoms! in Al-Li-Cu quasicrystals.11 The same clus-
ters are also found in the approximants of quasicryst
which are periodic phases with large unit cells whose str
tures are closely related to that of quasicrystals.12 Clusters
are not only a convenient geometrical description of th
complex phases but indeed play a role in their properties.13,14

Therefore, in the case of liquid-icosahedral solid phase e
librium, it might be expected that the local order in liquid
forming quasicrystals reflects the local organization of ato
in the solid. Although the results of previous studies on l
uid Al80Mn20 and Al71Pd19Mn10 alloys15,16 suggest the pres
ence of local icosahedral order in these liquid states, no
6273 © 1998 The American Physical Society
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6274 PRB 58V. SIMONET et al.
rect comparison has yet been made with the local order in
solid state.

On the basis of results of a previous study of the A
Pd-Mn phase diagram in the region of quasicrystall
phases,17,18we considered it interesting to compare carefu
the local order in liquid phases and in quasicrystalline
approximant equilibrium phases for several compositio
Al-Pd-Mn alloys ~with Mn content between 3.5 and 7.2 %!
are interesting for such a study for the following reasons.~i!
The structures of several complex approximant Al-Pd-M
phases have been recently solved and their decoration
terms of icosahedral clusters have been well establishe19

~ii ! The structural models of the quasicrystalline phase
very detailed and here again their decoration, although
completely solved, implies the packing of icosahedral un
~Ref. 9!. ~iii ! The melting is nearly congruent and thus t
icosahedral or approximant phases obtained by primary c
tallization have a composition close to that of the liqu
Additional interest in studying liquid Al-Pd-Mn alloys wa
raised by our first neutron scattering results20 that suggested
the appearance of localized moments in the liquid state. T
a possible correlation between the variations of the icosa
dral order and of the magnetic properties with temperat
could be considered. Moment formation in icosahedral a
approximant phases21,22 is affected by the presence of
pseudogap in the density of states at the Fermi leve23

Hence, it is to be expected that melting strongly affects
electronic properties, and thereby magnetism as well. Th
fore the aims of the present investigation are first to carry
an extensive study of the magnetic properties of liquid
Pd-Mn alloys in order to determine their composition a
temperature dependences, secondly to determine local o
in the liquid alloy through comparison with local order in th
solid, and finally to examine the interplay between magne
properties and local order~short and medium range! in the
solid and in the liquid.

In the present paper, after a brief description of the
Pd-Mn samples~Sec. II!, we present the main features d
duced from neutron scattering experiments~Sec. III!. Section
IV is devoted to magnetic properties. The occurrence
paramagnetic neutron scattering in the liquid state is fi
established~Sec. IV A!. This magnetism is thoroughly stud
ied by susceptibility and polarized neutron scattering m
surements~Secs. IV B and IV C! which in addition show that
the solids are nonmagnetic. Then by carefully compar
neutron and susceptibility data~Sec. V A! we establish the
presence of localized magnetic moments on Mn atoms in
liquid state and estimate their spin value. In Sec. V B, we
to characterize the local order in the solid and liquid state
the framework of the Sachdev and Nelson theory~Refs. 2,3!
and by simulations of the structure factors at large mom
tum transferQ (Q>4.5 Å21). Finally in Sec. VI, we dis-
cuss the possible origin of the magnetic moments in the
uid state, and of the striking temperature dependence of
magnetic properties, in connection with the temperature e
lution of short- and medium-range structural order at
melting point and in the liquid state.

II. SAMPLES

We prepared five Al-Pd-Mn alloys with the fol
lowing compositions: Al72.1Pd20.7Mn7.2Al77Pd18Mn5,
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Al79.8Pd16.6Mn3.6, Al76.5Pd20Mn3.5 and Al79.1Pd19.2Mn1.7, and
one binary alloy Al81Pd19. High purity constituent element
~Al 99.999 wt. %, Pd and Mn 99.9 wt. %! were melted in a
cold crucible induction furnace under argon atmosphere.
compositions were chosen according to the results of a m
allurgical investigation related to thermodynamic liquid-so
equilibria of the Al-Pd-Mn phase diagram in the region
the quasicrystalline phase field~Ref. 17!. In particular, com-
position ranges of liquidus phase fields in equilibrium w
icosahedral and approximant phases were determined
this study. As each of these solid phases exhibits a nonc
gruent melting, their composition lies outside of the comp
sition range of their corresponding liquidus phase field.

Thus, the compositions of samples Al72.1Pd20.7Mn7.2 ~a!
and Al77Pd18Mn5 ~b! were chosen such that a primary cry
tallization of quasicrystalline icosahedral phase@whose com-
position lies in the range of Al~68 to 69.5!, Pd~20.3 to 23.2!,
Mn~8 to 10.2!# was obtained through a normal alloy castin
Subsequent crystallizations of other phases in these sam
were determined by standard methods: differential ther
analyses, chemical composition analyses by x-ray wa
length spectroscopy and structure analyses either by x-ra
electron diffraction. These phases are approximants of
icosahedral structure, calledj8 @in the range Al~73 to 74!,
Pd~21.6 to 23!, Mn~4 to 4.4!# and R ~Al 78.6, Pd 5.7, Mn
15.6!, and an Al-rich ternary eutectic (Al/j8/R) ~Ref. 17!.
The proportion of icosahedral phase present in sample~a! is
large ~about 60 vol. %!. It is much less in the sample~b!
~about 10 vol. %!, for which the majority phase is thej 8
approximant~about 60 vol. %!. For the three other ternar
sample compositions that we have studied, Al79.8Pd16.6Mn3.6
~c!, Al76.5Pd20Mn3.5 ~d! and Al79.1Pd19.2Mn1.7 ~e!, the primary
crystallization under normal casting conditions correspo
to the formation of thej8 approximant phase, whose propo
tion varies as a function of the initial liquid alloy compos
tion. The binary alloy Al81Pd19 ~f! consists mainly of an
orthorhombic Al3 Pd phase,24 nearly isomorphous with the
j8 approximant, and a eutectic Al/Al3Pd phase. As deter
mined from differential thermal analysis, the transformati
temperatures corresponding to the beginning of prim
crystallization from the liquid phase (TL) are 1160, 1122,
1096, 1118, 1125, and 1050 K for the different samples~a!–
~f! respectively. For each ternary sample, the solidificat
ends with the formation of the ternary eutectic at an invari
temperature ofTE589065 K. The melting point of the bi-
nary eutectic Al/Al3Pd is 888 K.

III. STRUCTURE FACTORS

A. Experimental

Neutron scattering experiments were performed on
spectrometer 7C2 of the Orphe´e reactor, at LLB~CE Saclay!,
on Al72.1Pd20.7Mn7.2, Al77Pd18Mn5, and Al76.5Pd20Mn3.5
samples, in the solid and liquid states up to 1300 K. T
scattered intensities were measured using a fixed 640
detector in a momentum transfer (Q) range of 0.5~or 0.7!
216 Å21 and with an incident neutron wavelengthl of
0.7046 Å. The samples were heated in a vanadium res
furnace. Further experiments were carried out on the sp
trometer D4B of the high flux reactor at ILL~Grenoble!, on
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an Al72.1Pd20.7Mn7.2 sample up to 1923 K, usingl of 0.7026
Å. The scattered intensities were measured through two
cell moving detectors in aQ range of 0.2–14 Å21. The high
temperatures were reached by using a tungsten res
furnace25 and measured with a two-color optical pyromet
The samples were melted in single crystal sapphire cont
ers which do not react with molten Al-Pd-Mn alloys. Th
orientation of each container around the vertical axis~per-
pendicular to the scattering plane! was set such that no Brag
reflection could be detected. However, because of the
resolution inQ space of the two spectrometers, Bragg co
taminations could not be completely eliminated. The scat
ing of the empty container was then measured at temp
tures corresponding to those of the experiment bef
introducing the sample. The sample masses~cylindrical in-
gots! were between 13 and 17 g.

At a given temperature the differential scattering cro
section of the sample (ds/dV)(Q) was obtained by sub
tracting from the spectrum of the full container, the spectr
of the empty sapphire container within the furnace, mu
plied by a temperature-independent proportionality coe
cient a, and the spectrum of the empty furnace, multipli
by 12a. For each sample thea value was adjusted so tha
any trace of the sapphire scattering could not be detecte
the final spectra. Thea values were found to vary betwee
0.91 and 0.93 for the different samples. They are in agr
ment with the transmission factor calculated following t
method of Paalman and Pings27 provided that both the scat
tering and absorption processes are taken into acco
Plazeck corrections for inelastic scattering28,29and a standard
multiple scattering correction30 were carried out. A vana
dium sample with a geometry identical to that of the A
Pd-Mn samples was measured in order to get an abso
normalization of the cross sections. In all cases
asymptotic value of 4p(ds/dV)(Q) at largeQ coincides,
within a few percent, with the calculated total scatteri
cross sectionsT5s i14p^b2&, where s i5(cjs inc

j and
^b2&5(cjbj

2. @s inc
j is the intrinsic incoherent scatterin

cross section~isotopic and nuclear spin mixture contribu
tions!, bj the average scattering length, andcj the concentra-
tion of the j th element~Al, Pd, or Mn! ~Ref. 26!.# Such
agreement validated the corrections applied to the meas
neutron intensities. In the following we have normalized t
data so that the asymptotic value of the differential scatte
cross section at largeQ is equal tosT . The experimental
structure factorSexp(Q) is related to the differential scatte
ing cross section bySexp(Q)5@4p(ds/dV)(Q)2s i #/
4p^b2&, i.e., normalized to unity.

B. Results

Neutron scattering spectra measured on
Al72.1Pd20.7Mn7.2 alloy at 1103 K where the eutectic wa
molten~and hence the solid icosahedral phase coexisted
a small fraction of liquid! and at 1223 K just above th
melting point (TL51160 K! are shown in Fig. 1~a!. The
broad maxima of the differential scattering cross section
the liquid state correspond to the main Bragg peak group
the icosahedral phase. The similarity between the liquid
solid spectra extends up to the largestQ values as can be
seen in Fig. 2. The neutron scattering spectra measure
4-
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the Al76.5Pd20Mn3.5 alloy at 873 K, where the sample wa
entirely solid consisting mainly of thej8 approximant phase
and at 1223 K in the liquid state (TL51118 K! are shown in
Fig. 1~b!. Although the Bragg peaks in Fig. 1~b! differ
slightly from those of the icosahedral phase in Fig. 1~a!, an
overall similarity between both sets of spectra is observ
The same kind of observation holds for the Al77 Pd18 Mn5
alloy. Figure 3 shows that the experimental structure fact
of these three alloys at 1223 K~i.e., just above their liquidus
temperature! are indeed extremely similar, except at smallQ
values where paramagnetic scattering contributions are
perimposed on the measured structure factor, as will be
plained in Sec. IV A. Such observations suggest the prese
of strong local order in the liquid state above TL , reminis-
cent of that in the solid.

We have therefore searched for a possible evolution of
neutron scattered intensity with increasing temperature in

FIG. 1. Comparison of the neutron differential scattering cro
section (4pds/dV) in barns versusQ in the solid and in the liquid
states.~a! Al72.1Pd20.7Mn7.2: the Bragg peaks characteristic of icos
hedral order, according to Ref. 3, are indicated by vertical lin
(Q052.905 Å21, Q151.052Q0, Q251.701Q0, andQ352.00Q0)
and the horizontal line indicates the total scattering cross sec
sT52.166 b.~b! Al76.5Pd20Mn3.5: the horizontal line indicatessT

52.122 b.

FIG. 2. Neutron differential scattering cross section at largeQ
in the liquid ~1223 K! and in the solid icosahedral phase~1123 K!
in Al72.1Pd20.7Mn7.2. @The data at smallerQ are shown in Fig. 1~a!#.
Q2 andQ3 have the same meaning as in Fig. 1~a!.
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6276 PRB 58V. SIMONET et al.
liquid state. This study was performed up to 1923 K, us
the spectrometer D4B, on the Al72.1Pd20.7Mn7.2 alloy whose
primary crystallization gives rise to the largest proportion
icosahedral phase. Results are shown in Fig. 4. As expe
in liquid metallic alloys, the oscillations of the structure fa
tor are broadened and their amplitudes decrease with incr
ing temperature. An evolution of the liquid structure is su
gested by the fact that the shoulder on the second p
~around 5.5 Å21), well defined just above the melting poin
is progressively damped with increasing temperature. Fin
it must be emphasized that the oscillations at largerQ remain
well defined up to 1923 K.

IV. MAGNETISM

A. Paramagnetic neutron scattering

Another peculiar feature we noticed for all the alloys
the neutron scattering experiments is that a marked incr
of the differential scattering cross section at smallQ occurs
when the temperature increases fromTE to TL ~Fig. 1!. In the
liquid, aboveTL , it continues to increase with temperatu
but with a much smaller slope. We shall show that part
these effects results from variations of the paramagnetic s
tering. In Fig. 5, the differential scattering cross secti
4p(ds/dV)(Q) at 0.2 Å21 (s0) measured on the

FIG. 3. Comparison of the experimental liquid structure fact
Sexp(Q) at 1223 K for three Al-Pd-Mn alloys. The three curves a
almost indiscernible forQ>5 Å21 ~inset!.

FIG. 4. Temperature evolution of the neutron differential sc
tering cross section for Al72.1Pd20.7Mn7.2 in the liquid state, mea-
sured with the D4B spectrometer. The vertical scale~in b! corre-
sponds to the data measured at 1223 K. The curves at succe
temperatures have been shifted by steps of 0.5 b.
g
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Al72.1Pd20.7Mn7.2 alloy is plotted as a function of temperatu
from 1123 K up to 1923 K. In the liquid state,s0 is obtained
by calculating the mean value of 4p(ds/dV)(Q) in a small
Q range around 0.2 Å21 and the error bar is equal to th
statistical error. In the solid state, the presence of Bra
peaks leads to overestimateds0 values. This is the reaso
why the error bars for the solid state are larger than those
the liquid state. Note that another type of error comes fr
uncertainties in the various corrections applied to the m
sured neutron spectra~Sec. III A!. They lead to an overal
shift of thes0 data in Fig. 5 but do not affect relative varia
tions with temperature. Such errors, estimated to be of
order of60.06 b, are not included in the statistical error ba
shown in Fig. 5.

The differential scattering cross section at smallQ is a
sum of different contributions that we have to evaluate
order to deduce that of the paramagnetic scattering. Sev
physical processes must be considered: the density fluc
tion termsd , the intrinsic incoherent scattering~isotopic and
nuclear spin! s i , the chemical incoherent scattering resulti
from the mixture of the different elementssc whose maxi-
mum value is given by 4p(^b2&2^b&2), and the paramag
netic scattering 4p(dsp /dV)(Q); thus,

4p
ds

dV
~Q!5sd1s i1sc14p

dsp

dV
~Q!. ~4.1!

The density fluctuation termsd is equal tokBTr0kT4p^b2&
at Q→0, wherer0 is the number of atoms per unit volum
and kT is the isothermal compressibility equal t
Cp /(Cvrvs

2), where Cp ~respectively,Cv) is the constant
pressure~respectively, volume! heat capacity,r the mass
density, andvs the sound velocity of the alloy.31 In most
metallic liquid alloys, sd at Q→0 is about 2% of the
4p^b2& value.32

In the case of the Al72.1Pd20.7Mn7.2 alloy, the nuclear in-
coherent scatterings i is equal to 0.054 b~Ref. 26! and sd
can be accurately evaluated since the sound velocity i
similar alloy (Al90Mn10) was measured to bevs
54400 m s21 at 1223 K.33 The corresponding value o
kBTr0kT is equal to 0.014, using a ratio value ofCp /Cv

s

-

ive

FIG. 5. Temperature dependence of the differential scatte
cross section (s054pds/dV) at Q50.2 Å21 in Al72.1Pd20.7Mn7.2.
The dashed line indicates the maximum value ofs0 in the absence
of paramagnetic scattering~see text!. At the lowest temperature
~1123 K! the sample is a mixture of liquid and solid icosahed
phase.
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51.15,34 and thensd is equal to 0.03 b. Then, from th
measureds0 value, we can deduce the sum of the chemi
incoherent scattering and of the paramagnetic scatterin
Q50.2 Å21. Further analysis involves a separation of the
two contributions. However, we can already notice that
measureds0 value at 1223 K (1.260.06 b! is larger than
0.71 b obtained by summingsd , s i , and the maximum
chemical incoherent scattering (sc50.624 b!. This proves
the existence of paramagnetic scattering whose mini
value is therefore 0.49 b. The increase ofs0 during melting
can result from an increase of either the chemical incohe
scattering only the paramagnetic scattering only, or both
order to separate these two effects we performed two o
kinds of experiments: magnetic susceptibility measureme
as a function of temperature~Sec. IV B! and polarized neu-
tron scattering~Sec. IV C!.

B. Magnetic susceptibility

Using a Faraday balance, variations of the susceptib
were measured as a function of temperature on six sam
~a! Al72.1Pd20.7Mn7.2, ~b! Al77Pd18Mn5, and ~d!
Al76.5Pd20Mn3.5, previously studied by neutron scatterin
and ~c! Al79.8Pd16.6Mn3.6, ~e! Al79.1Pd19.2Mn1.7, and ~f!
Al81Pd19. The magnetization was measured in a const
magnetic field (H510 kG!, in the temperature range@300–
1300 K#. The samples~mass.0.1 g! were ground into pow-
der, put in a small sapphire container, and introduced i
quartz tube sealed under vacuum. The temperature de
dence of the magnetic susceptibility in the different allo
x5M /H, is shown in Fig. 6. The contributions of the sa
phire and quartz containers were found to be tempera
independent and were subtracted. The temperature
changed by steps of 25 K every 35 min. Identicalx(T)
curves were obtained for heating and cooling cycles. T
reversibility suggests that the samples are in thermodyna
equilibrium aboveTE . In Fig. 6 the error bars for the mea
surements are smaller than the size of the symbols. Howe
systematic errors in the susceptibility corrections~subtrac-
tion of the quartz and sapphire susceptibility! can cause an
overall shift of the data. In order to evaluate this error,
systematically performed magnetization measurements,
ing a superconducting quantum interference device~SQUID!
magnetometer, on all the samples previously measured
the Faraday balance. For each sample, a very slight co
tion (<631026 emu/mole! was required in order to mak
the susceptibility at 300 K coincide with the value dete
mined using the SQUID magnetometer.

At room temperature, all the samples were found to
diamagnetic. No appreciable Curie terms were detec
down to 4 K from the SQUID measurements, which esta
lishes an absence of localized magnetic moments in all
phases contained in the solid samples~i.e., quasicrystalline
phase,j8 approximant phase, and eutectic!. In the solid state,
up to TE , the magnetic susceptibility exhibits aT2 depen-
dence@x(T)2x(T50)}T2#, as previously observed in sev
eral quasicrystalline phases and ascribed to the pres
of a pseudogap at the Fermi level.35,36 The amplitude of
the T2 term decreases progressively, fro
17310212 emu/~mole.K2) in sample ~a! to 4.7
310212 emu/~mole.K2) in sample~d!, when the proportion
l
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of icosahedral and approximant phases in the solid sam
decreases. In sample~e!, x does not vary withT in the solid
state, within the accuracy of the data. In all samples a c
change of regime occurs when the temperature reaches
melting temperature of the eutectic (TE5890 K! as can be
seen in the insets of Figs. 6~a! and 6~b!. Above TE , x in-
creases more rapidly with temperature than in the solid st
In the temperature range@TE2TL# the slopedx/dT in-
creases continuously. AtTL an abrupt change ofdx/dT oc-
curs. AboveTL in the liquid state,x goes on increasing with
temperature but with a much smaller slope. It is striking
note the similarity between thex(T) ~Fig. 6! ands0(T) ~Fig.
5! curves.

In the liquid state, at any fixed temperature,x can be
expressed asA(T)1B(T)c, wherec is the Mn concentration
of the alloy ~Fig. 7!: A(T).0 at all temperatures andB(T)
increases with temperature. There is perhaps a slight de
ture from this law for the more concentrated allo
Al72.1Pd20.7Mn7.2. In spite of their different Al/Pd ratio, it
is interesting to notice that the Al76.5Pd20Mn3.5 and
Al79.8Pd16.6Mn3.6 alloys have almost the same susceptibil
thus suggesting that Pd atoms do not influence the magn
behavior. The observed linear concentration dependenc
the susceptibility suggests a simple dilute alloy picture wh
magnetic atoms are diluted in a nonmagnetic matrix. To c
firm this point, we studied the binary Al81 Pd19 alloy whose
Al/Pd ratio is close to the Al/Pd ratios in the studied A
Pd-Mn samples. Its magnetic susceptibility in the liquid st

FIG. 6. Temperature dependence of the magnetic susceptib
during the solid-liquid transformation and in the liquid state, for t
different Al-Pd-Mn alloys @samples~a!–~e!# and for the binary
Al81Pd19 alloy @sample~f!#. For each alloy the liquidus temperatur
is indicated by an arrow. The statistical error bars are smaller t
the size of the symbols. The solid lines are guides to the eye. D
measured when increasing~open symbols! and decreasing~close
symbols! temperature are identical.@For sample~c! no distinction is
made between data measured for increasing and decreasing
perature.# The susceptibility in the solid state is shown in the ins
for samples~a!, ~b!, ~d!, and~e!. For samples~a!, ~b!, and~d! a T2

variation follows~solid line! up to the melting point of the ternary
eutectic indicated by the vertical dashed line.
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6278 PRB 58V. SIMONET et al.
is temperature independent and nearly equal to zero@Fig.
6~b!# in agreement with the observation that theA(T) term is
close to zero at all temperatures.

In summary the susceptibility increase just aboveTE in
Al-Pd-Mn alloys is clearly due to the onset of melting. Th
continuous increase ofx betweenTE and TL reflects the
increasing proportion of liquid in the solid-liquid mixture. A
quantitative interpretation of this susceptibility variation
made difficult by the fact that liquid composition is changi
continuously with temperature during the noncongru
melting ~i.e., the Mn concentration in the liquid increase!.
The susceptibility in the liquid state appears to be prop
tional to the Mn content. This seems to exclude that
variation of x on melting results from an increase of th
Pauli susceptibility whose contribution to the paramagne
neutron scattering would in any case be difficult to obser
This conclusion is further supported by the fact that only
very small susceptibility jump is observed in the bina
Al81Pd19 alloy on melting. Therefore all these experimen
results suggest that the magnetism in the liquid state is du
the formation of localized magnetic moments on Mn atom

C. Polarized neutron scattering

Polarized neutron scattering experiments were perform
on the D7 spectrometer at ILL~Grenoble! with an incident
neutron wavelengthl of 4.8 Å. The Al72.1Pd20.7Mn7.2 alloy
was studied at room temperature and at 1170 K, just ab
the liquidus temperature. Incident neutrons were sequent
polarized along the three perpendicular directions. For e
direction of polarization, the spin-flip and non-spin-flip sca
terings were alternatively measured. Paramagnetic
nuclear spin incoherent scatterings give rise to both spin
and non-spin-flip processes while the nuclear coherent
incoherent~isotopic and chemical! scatterings are non-spin
flip. By suitable combinations of the measured spin-flip a
non-spin-flip signals, the contributions of the nuclear s
incoherent scattering, the nuclear scattering and the para
netic scattering can be determined.37 A vanadium sample
was measured to determine the detector efficiencies an
convert the measured intensities to barn. The contributio
the sample environment was subtracted. The measured
flip and non-spin-flip intensities were corrected taking in

FIG. 7. Magnetic susceptibility at 1180 K versus the Mn co
centrationc in liquid Al-Pd-Mn alloys. The solid line is a linear fi
of the data forc<0.05: x5A(T)1B(T)c with A(T51180 K)
5(061)31026 emu/mole and B(T51180 K)5(1350675)
31026 emu/~mole Mn!.
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account the finite value of the flipping ratio of the expe
mental setup~Ref. 37! determined from the scattering of
quartz glass sample~almost entirely non-spin-flip!. A Monte
Carlo program was used to compute the multiple scatte
correction in a spin polarization analysis configuration tak
into account the self-absorption correction for the Al-Pd-M
and vanadium samples.

The differential magnetic scattering cross section at 3
and 1170 K~obtained by averaging spin-flip and non-spi
flip measurements! is shown in Fig. 8~a!. Very large error
bars are due to small counting rates resulting from the
nificant attenuation of the incident and scattered bea
within the neutron polarizer and analyzer devices. Nevert
less, in agreement with previous results, paramagnetic s
tering is detected in the liquid state while it is not measura
in the solid state. The differential nuclear scattering cro
section is shown in Fig. 8~b! for the same temperatures. I
the liquid, the first peak of the structure factor does not c
tribute to the measured signal forQ<1.6 Å21. The nuclear
signal decreases slightly fromQ50.2 up to 0.6 Å21. This
relatively small effect could be due to the existence of d
sity inhomogeneities leading to small angle scattering. It w
be neglected in the following. For 0.6<Q<1.5 Å21 the
nuclear signal is constant~equal to 0.760.07 b!. It is the sum
of the density fluctuation term~0.03 b!, the nuclear isotopic
incoherent scattering whose maximum value is equal
0.019 b,38 and the chemical incoherent scattering. Theref
the chemical incoherent scattering contribution is equa
sc50.6560.07 b. This value is in good agreement with t
calculated maximal value of 0.624 b. In the solid, the nucl
incoherent scattering, measured between the Bragg pe
reaches only 0.460.1 b. Therefore we conclude that th

-

FIG. 8. Polarized neutron scattering measurements.~a!: Q de-
pendence of the differential paramagnetic scattering cross sectio
Al72.1Pd20.7Mn7.2 at 300 K~full squares! and at 1170 K in the liquid
state~open circles!. There is paramagnetic scattering in the liqu
state and no such signal in the solid state. The data in the liq
state, normalized to 1 atQ50 ~right vertical scale!, are compared
to the form factor of a free Mn21 ion ~solid line!. ~b!: Differential
nuclear scattering cross section at 300 and 1170 K@same symbols
as in ~a!#.
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chemical incoherent scattering increases on melting
reaches its maximal value in the liquid state aboveTL . Thus
the increase of the differential scattering cross section m
sured with unpolarized neutrons on melting is not only d
to the onset of paramagnetic scattering in the liquid but a
to an increase of the chemical incoherent scattering.

Knowing the chemical incoherent scattering contributio
the differential paramagnetic scattering cross section in
liquid can be calculated from the differential scattering cro
section measured using unpolarized neutrons@Eq. ~4.1!#. In
the Al72.1Pd20.7Mn7.2 alloy, at 1223 K, froms051.260.06 b
at Q50.2 Å21, one obtains 4p(dsp /dV)(Q)50.49 b
which is much larger than the signal measured using po
ized neutrons (.0.07560.015 b!. This discrepancy is prob
ably due to the quasielastic nature of the paramagnetic s
tering ~see, for example, Ref. 39!. On D7 the integration on
energy is limited, on the neutron energy loss side, by the
incident neutron energy (Ei53.5 meV! and, on the neutron
energy gain side, by an effective cutoff~around 10 meV! due
to the progressive decrease of the efficiency of the neu
spin analyzers with increasing energy. On the contrary,
high incident energies used on the 7C2 and D4B spectr
eters (Ei.170 meV! permit an integration of a much large
fraction, or almost the whole, of the paramagnetic respon
Assuming the whole signal is integrated on 7C2 and D4
then only 15% of the paramagnetic signal was detected
D7 at 1170 K.40

V. DATA ANALYSIS

A. Magnetism

In this section we compare the temperature dependenc
the susceptibility and that of the paramagnetic scattering
the liquid state of the studied Al-Pd-Mn alloys, assuming
formation of localized moments in the liquid. We shall a
sume that all the Mn atoms bear the same spinS. In the
quasistatic approximation, i.e., if the spectral extent of
paramagnetic scattering is less thankBT, whereT is the tem-
perature of the measurement, and if the whole quasiela
paramagnetic scattering is integrated in energy, the diffe
tial paramagnetic scattering cross section can be expre
as41

4p
dsp

dV
~Q!58pcr0

2S 1

2
gF~Q! D 2

x~Q!
kBT

g2mB
2

, ~5.1!

wherer 0520.54310212 cm, c is the Mn concentration,g
is the Lande´ factor (g52 in the following!, x(Q) is the
Q-dependent static susceptibility per Mn atom,F(Q) is the
magnetic form factor, i.e., the Fourier transform of the ma
netization density on the Mn atom normalized to 1 whenQ
tends to 0, and the other symbols have their usual mean
In the single ion limit, correlations between magnetic m
ments are negligible; the susceptibility is thenQ indepen-
dent, andx(Q)5x(Q50)5x/(cNa), wherex is the bulk
susceptibility per mole given by

x5cg2mB
2Na

S~S11!

3kBT
5C/T, ~5.2!
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whereC is the Curie constant. Hence the differential pa
magnetic scattering cross section can be written as

4p
dsp

dV
~Q!5

8p

3
cr0

2F~Q!2S~S11!, ~5.3!

and itsQ dependence reproduces that of the squared m
netic form factor. It is quite evident that the susceptibility
the liquid Al-Pd-Mn alloys cannot be described by a simp
Curie law, nor even a Curie-Weiss-like behavior@x5C/(T
1Q)#, since both forms imply a decreasing susceptibil
with increasing temperature, in contrast with the present
servations. Neither is the observed continuous increase o
paramagnetic scattering with temperature expected in a C
model. Nevertheless we will assume a Curie behavior in
following and we will discuss later on the anomalous te
perature dependence of the susceptibility and the param
netic scattering.

At each temperature, the magnitude ofcS(S11) can be
deduced from the susceptibility measurement, using
~5.2!. Since at a given temperature the susceptibility is p
portional to the Mn concentration@neglecting the small de
parture from the linear law observed for sample~a!# we can
conclude that, at each temperature, the spin value is inde
dent of c. Polarized neutron scattering experiments~Sec.
IV C! on sample~a! demonstrated that the chemical incohe
ent scattering is equal to its maximal value in the liquid sta
We shall assume that this is also true for the two other st
ied samples~b! (sc50.46 b! and ~d! (sc50.372 b!. Then
the paramagnetic scattering can be deduced from the di
ential scattering cross section measured with unpolari
neutrons by using Eq.~4.1!, with s i equal to 0.054, 0.043
and 0.039 b for samples~a!, ~b!, and ~d!, respectively, and
taking into account the temperature dependence of the
sity fluctuation term which remains in any case a small c
tribution. ThecS(S11) values can then be deduced fro
the paramagnetic scattering, using Eq.~5.3! and compared to
the cS(S11) values deduced from the susceptibility me
surements, the only adjustable parameter of the compar
beingF2(Q). The comparison is shown in Fig. 9 as a fun
tion of temperature for samples~a! Al72.1Pd20.7Mn7.2, ~b!
Al77 Pd18 Mn5, and~d! Al76.5Pd20 Mn3.5, using the 7C2 data
at Q50.7 Å21. For each sample good agreement betwe
both sets ofcS(S11) data is obtained at all temperature
the liquid state withF2(Q50.7 Å21) equal to 0.65, 0.76,
and 0.83, respectively, for samples~a!, ~b!, and~d!. In Fig. 9
only the statistical errors are represented. Taking into
count all the sources of error~see Secs. IV A and IV B! the
error bar onF2(Q) is 60.12. For largerQ, at the highest
temperature, the coherent nuclear scattering contribute
the measured differential scattering cross section becaus
the lowQ resolution of the 7C2 spectrometer. For sample~a!
the same analysis can be performed at smallerQ values, for
0.2<Q<0.7 Å21, using the D4B data. The obtainedF2(Q)
value clearly decreases with increasingQ: F2(Q)50.92 at
Q50.2 AA21, to be compared to 0.77 atQ50.7 Å21.
~This latter value differs from that found in Fig. 9 for th
7C2 data, which may be ascribed either to uncertainties
the signal treatment or to a slight sample composition diff
ence.!
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In conclusion the good agreement found between sus
tibility and paramagnetic scattering data within a Cu
model shows that both the temperature dependence o
susceptibility and that of the paramagnetic scattering in
liquid state of Al-Pd-Mn alloys can be ascribed to a contin
ous increase ofcS(S11) when the temperature increase
Several features can be pointed out.~i! At a given tempera-
ture, the spin value is independent ofc and thecS(S11)
value is much smaller than the one obtained assuming
all the Mn atoms have a spinS55/2. ~ii ! In the temperature
range@1180–1280 K#, where the comparison between su
ceptibility and paramagnetic scattering data could be p
formed, the increase ofS(S11) with temperature is approxi
mately linear:S(S11) is equal to 3.260.2 at 1180 K and to
3.860.2 at 1280 K. However, from the paramagnetic ne
tron scattering data on sample~a! ~Fig. 5!, it seems that the
slope of this variation decreases at higher temperature:S(S
11) is equal to 5.660.4 at 1923 K.~iii ! In several metallic
liquid alloys containing 3d transition-metal impurities, de
partures from a simple Curie law were observed and
scribed by writingx5C/(T1Q), where Q is a pseudo-
Curie-Weiss temperature empirically introduced to acco
for Kondo effects.44 Good agreement between neutron a
susceptibility data could still be obtained in the temperat
range@1180–1280 K# with Q;300 K but the smallF2(Q)
values obtained seem unreasonable. Thus in the follow
we will consider only a Curie law.~iv! We did not consider
above the possible contribution to the Pauli susceptibility
Mn d states at the Fermi level. Such a contribution is e
pected to increase linearly with the Mn content and theref
cannot be separated from the Curie contribution. In a virt
bound state picture,45 the d density of states atEF is zero if
the spin is equal to its maximum value 5/2, but this is
longer true if the spin value is reduced. Hence thecS(S

FIG. 9. Temperature dependence ofcS(S11) in liquid Al-
Pd-Mn alloys@samples~a!, ~b!, and~d!#. The values deduced from
the susceptibility data~presented in Fig. 6!, using a Curie model,
are shown by open symbols.~The solid lines are guides to the eye!
The error bars are smaller than the size of the symbols. ThecS(S
11) values deduced from the differential paramagnetic scatte
cross section, at a fixedQ value ~equal to 0.7 Å21), are shown by
full symbols. For each sample, the squared magnetic form fa
has been adjusted so that the both sets of data coincide:F2(Q
50.07 Å21)50.65 in sample~a!, 0.76 in sample~b!, and 0.83 in
sample~d!.
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11) values found above must be considered as the lar
possible values in a Curie model.

The agreement between the spin values deduced from
ceptibility and paramagnetic scattering data was obtained
introducing strikingly small values of the magnetic form fa
tor. For comparison, for a Mn21 free ion, F2(Q
50.7 Å21)50.93 and F2(Q50.2 Å21).1.42 However,
these values are compatible with theQ dependence of the
paramagnetic scattering measured with polarized neut
which, despite the experimental uncertainties, clearly diff
from that of the Mn21 magnetic form factor: see Fig. 8~a!
where the right vertical axis proposes a normalization of
data to 1 at smallQ. These observations raise doubts abo
our previous assumption of a single-ion behavior in A
Pd-Mn liquids at 1170 K. One must consider either magne
correlations leading to aQ-dependent static susceptibility, a
anomalous magnetic form factor, or both effects. The c
tinuous decrease ofF2(Q50.7 Å21) when the Mn concen-
tration increases, deduced from the comparison between
tron and susceptibility data, would rather suggest
progressive establishment of magnetic correlations. Ind
the F2(Q50.7 Å21) value for sample~d! is compatible
with that for a free Mn21 ion. In the presence of correlation
Eq. ~5.3! is no longer valid and Eq.~5.1! should be used
instead. Then the scaling factor between neutron and sus
tibility data is no longer F2(Q) but rather
F2(Q)x(Q)/x(Q50).43 It may seem surprising to observ
magnetic correlations in liquid alloys at 1170 K. We al
investigated with the same experimental setup a s
Cu90Mn10 alloy as a reference system~Ref. 39!. At 1180 K in
the solid state, similar deviations from the single-ion ma
netic form factor were observed, which probably result fro
the presence of strong competing magnetic interaction
this alloy which incidentally gives rise to a spin glass tra
sition at low temperature.

B. Local order in the solid and liquid states

The great similarity found between the structure factor
the liquid Al-Pd-Mn alloys and the diffraction spectrum
the solid quasicrystalline phase led us to assume the pres
of a strong local icosahedral order in the liquids. In order
ascertain this hypothesis, we try in this section to anal
more quantitatively the liquid structure factor. Molecular d
namics is certainly the most powerful tool for determinin
liquid structures provided that the interaction potentials
known. It has been applied to a closely related liquid all
Al80Mn20 in Ref. 16. An analysis of the coordination poly
hedra does show the presence of local icosahedral orde
without distinguishing between Al and Mn atoms. Here w
will use simpler methods and show that the hypothesis of
presence of a strong icosahedral local order can at leas
tested from theoretical considerations and from simulati
of the measured structure factors at largeQ.

First we compare the measured structure factors in
solid and in the liquid with the predictions of Sachdev a
Nelson~Ref. 2! who described the structure factor of metal
glasses or supercooled liquids within a Landau theory, st
ing from an ideal icosahedral crystal imbedded in the surf
of a four-dimensional~4D! sphere. These authors establish
that the existence of short-range icosahedral order in 3D
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duces broadened peaks of the structure factor at charac
tic positionsQA , QB , andQC linked byQB /QA51.707 and
QC /QA52.04. In the diffraction spectrum of the icosahed
phase, four intense Bragg peaks (Q0, Q1, Q2, Q3) @with
indices respectively given by~2/3,0/0,1/2!, ~2/4,0/0,0/0!, ~4/
6,0/0,0/0!, and~4/6,0/0,2/4! in the indexing scheme propose
by Cahnet al.46# can be easily identified@Fig. 1~a!#. They
obey the relationsQ151.052Q0, Q251.701Q0, and Q3
52.00Q0, with Q052.9952p/a6D wherea6D is the 6D pa-
rameter of the icosahedral phase. Then comparing the s
and liquid structure factors of the Al72.1Pd20.7Mn7.2 alloy
@Figs. 1~a! and 2#, it is clear that the first peak of the liqui
structure corresponds toQ0 and Q1, while the second peak
and its shoulder are directly related toQ2 andQ3. Then, by
identifying Q0 to QA , Q2 to QB , and Q3 to QC , as pro-
posed in Ref. 3, it appears that the Sachdev and Ne
analysis perfectly accounts for the liquid structure factor
Al72.1Pd20.7Mn7.2 above the melting point. The very simila
structure factors of Al76.5Pd20Mn3.5 and Al77 Pd18 Mn5 liquid
alloys can be described in the same way, although the Br
peaks corresponding to the Sachdev and Nelson maxima
less well defined in the solid alloys which consist mainly
the j8 approximant phase.47 The same conclusion was pre
viously drawn from the analysis of the liquid structure fac
of liquid Al80 Mn20 alloy in Ref. 15. However, the analysi
was less convincing than in the present case becaus
structure factor in the solid state was measured. The e
tence of a shoulder on the second peak of the structure fa
was also found in a slightly different approach by Sad
et al.48 who computed the structure factor of dense rand
packings of hard spheres with fivefold local symmet
Hence, it is likely that in Al-Pd-Mn liquids, the existence
a shoulder in the second peak of the structure factor
above the melting temperature is related to the packing
entities with local icosahedral order. In such a case, the
gressive attenuation of this shoulder, when temperature
creases in the liquid state~see Fig. 4!, should result from a
progressive destruction either of the packing~medium dis-
tance range!, of the icosahedral local order, or both.

The above approach remains qualitative. In order to
more quantitative analyses of the liquid structure factor,
first examined hard sphere models. The simulation show
Fig. 10 follows the Ashcroft and Langreth derivation of th
Percus-Yevick equation for a binary mixture49 and the ter-
nary liquid is assumed to be a pseudobinary system co
tuted of mean ‘‘Al-Pd’’ atoms and Mn atoms. The hard cor
~2.31 Å for ‘‘Al-Pd’’ and 2.26 Å for Mn! and the packing
fraction ~0.413! are chosen in order to fit the first peak of th
structure factor. It is clear that a hard sphere model is una
to account for the positions and intensities of the oscillatio
of the structure factor at largerQ.

Although simulations of the measured structure factors
the wholeQ range are a very complex task, an analysis
the structure factor at largeQ is possible under several con
ditions and indeed brings very interesting information on
local order. The principle of the method, initially introduce
to describe molecular solids.51–53 is explained in the Appen
dix. Its application to liquid Al-Pd-Mn alloys implies that
cluster can be defined in the liquid and that the atoms wit
the cluster are more rigidly bound together than to ot
atoms in the system. Note that this method does not al
ris-
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one to determine the structure and the chemistry of the c
ter but indicates whether a given cluster model is compat
with the data or not by comparing at largeQ the calculated
structure factor@using Eq.~A2!# to the measured one. In th
Q range where the comparison is done (4.5<Q<16 Å21),
the paramagnetic contribution is zero~Sec. IV C! and the
experimental structure factorSexp(Q) can be compared to th
theoretical one.

Because of the similarity between local order in the ico
hedral solid and in the liquid, the choice of the cluster w
guided by the structural description of several Al-Mn~Ref.
50! and Al-Pd-Mn~Ref. 19! approximant phases. A cluste
of 1 Mn atom surrounded by 12 Al atoms on the vertices
an icosahedron is a major constituent of these phases.
Al12 Mn intermetallic compound can be described as a bo
centered cubic packing of these icosahedral clusters. E
complex structures, such asm-Al4 Mn, can be described in
terms of these icosahedra. In this latter case the icosah
are linked in different ways, or interpenetrate, resulting in
substitution by Mn atoms of 1 or 2 Al on the icosahed
shell. In thej8 Al-Pd-Mn approximant there are two Mn
sites: one is surrounded by 12 Al at the vertices of an ico
hedron and the other one is surrounded by a disordered
shell of approximately 11 Al and a second shell defined a
perfect Pd icosahedron~Ref. 19!. Note that similar clusters
have also been identified in the icosahedral Al-Pd-Mn q
sicrystal~Ref. 9!.

We first tried to simulate the measured structure factor
sample~a! (Al72.1Pd20.7Mn7.2) at 1223 K by assuming the
presence of Al12 Mn icosahedra. Taking the alloy compos
tion into account and assuming that all the Al atoms fo
icosahedra, only 78% of all the atoms~and 83% of the Mn
atoms! can be included in such clusters. The parameters
the mean distance from the center to a vertex of the icosa
dron (̂ r 0&) and the mean thermal variation of this distan
(^dr 0

2&). The three other distances within the icosahedron
^r 1&51.0515̂ r 0&, ^r 2&51.7013̂ r 0&, ^r 3&52^r 0& @see the
inset of Fig. 11~b!#. We assumed that the mean the
mal variations of these distanceŝdr i

2& are equal to
^dr 0

2&(^r i&/^r 0&)
2.54 The structure factor calculated wit

^r 0&52.44 Å and̂ dr 0
2&50.046 Å2 is drawn in Fig. 11~a!. It

FIG. 10. Comparison of the measured structure factor at 122
~dots! in Al72.1Pd20.7Mn7.2 with the results of a hard sphere simul
tion. The parameters of the simulation~see text! were chosen in
order to fit the first peak.
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6282 PRB 58V. SIMONET et al.
well describes the measured data forQ>7 Å21. The found
agreement is very sensitive to the^r 0& value which is there-
fore accurately determined (60.03 Å!. It is interesting to
note that the Al-Mn distance within the icosahedron dedu
from the simulation~2.44 Å! is very close to the short Al-Mn
distances observed in thej8 structure~2.49 Å! in Ref. 19.
Simulations assuming a lower proportion of icosahedra~in-
volving less than 70% of the atoms! are unable to account fo
the amplitude of the oscillations of the structure factor
largeQ. Although the above analysis can fairly well accou
for the measured data at largeQ, a weak point of the simu-
lation of the structure factors by Al12 Mn icosahedra is to
exclude Pd atoms. Thus we also tried to simulate the st
ture factor of sample~a! by assuming that all the Mn atom
are at the center of (Al0.777Pd0.223)12 icosahedra. The relative
proportion of Al and Pd atoms in the icosahedron is cho
to match the alloy composition. In this hypothesis 94% of
atoms belong to clusters. A good simulation of the data
obtained with the samêr 0& value and a slightly larger̂dr 0

2&
value ~0.073 Å2) than for the Al12Mn icosahedron. Indeed
the two simulations are nearly indiscernible in theQ-range
@7–16 Å21] @see Fig. 11~a!#. In theQ range@4.5–7 Å21] the
agreement is slightly better for the Al-Pd icosahedron. Ho
ever, in thisQ range, intercluster terms may also contribu
to the measured structure factor and make it difficult to d
criminate between different hypothesis for the intraclus
contribution. However, one should emphasize that suc
Al-Pd cluster is not encountered in approximant phases
better way to include the Pd atoms is perhaps to assume
all the Mn atoms are embedded in Al12 Mn icosahedra and
that some of these icosahedra are surrounded by a se
icosahedral shell made of Pd atoms, as observed in thj8
Al-Pd-Mn approximant. We checked that adding a Pd ico
hedron around the Al12 Mn icosahedron does not modify th
general trends of the calculated structure factor. We did
try a simulation of the data because of the too large num

FIG. 11. ~a!: Comparison forQ>4.5 Å21 of the measured
structure factor at 1223 K in Al72.1Pd20.7Mn7.2 ~dots! with the cal-
culated structure factor assuming Al12Mn icosahedra~thick solid
line! and (Al0.777Pd0.223)12Mn icosahedra~thin solid line!: see text.
~b! Q dependence of the Debye-Waller factors for the four p
distances within the Al12Mn icosahedron@^r 0&52.44 Å, ^dr 0

2&
50.046 Å2 and ^dr i

2&5^dr 0
2&(^r i&/^r 0&)

2].
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of adjustable parameters in such a model. For samples~b!
and ~d!, with lower Mn content, good descriptions of th
experimental structure factors measured can be obtained
suming that some of the Al12 icosahedra are centered on A
or Pd atoms.~Considering only icosahedra centered on M
atoms leads to a too small proportion of atoms in cluste!
Al icosahedra centered on a Pd atom are indeed found in
orthorhombic Al3 Pd phase~Ref. 24!.

In order to determine in whichQ range the comparison o
the calculated and measured structure factors is really m
ingful, we have calculated the Debye-Waller factors at 12
K for the four pair distances in the Al12Mn icosahedron@see
Fig. 11~b!#. For Q>8 Å21, Debye-Waller factors related to
the two shortest distances^r 0& and ^r 1& appear to be the
leading contribution. Then the good agreement found
tween the simulation and the data forQ>8 Å21 demon-
strates that other short distances in the system~between clus-
ters! do not play an important role. This means that t
Debye-Waller factors corresponding to intercluster distan
are more rapidly damped whenQ increases than those co
responding to intracluster distances and justifies,a poste-
riori , the assumption of clusters where the atoms are rig
bound together. In addition, thêdr 0

2& value deduced from
the simulations at 1223 K are roughly compatible with t
averaged mean thermal variation of atomic positions in
j8 approximant phase at 300 K.

Because of the similarity found between the oscillatio
of the structure factor at largeQ in the solid and liquid states
it seems quite natural to assume that the short-range ord
the liquid is based on the icosahedral clusters found in
solid. Nevertheless we have tried simulations based on o
kinds of densely packed clusters of 13 atoms~with the coor-
dination polyhedra of the fcc or hcp lattice!. At low tempera-
ture such simulations clearly differ from those obtained
suming icosahedral clusters, as previously shown in Ref.
At 1170 K these differences are strongly reduced at largeQ,
because of the Debye-Waller effect. However, the hypoth
of an icosahedral cluster provides the best simulation in
mediumQ range (4.5<Q<7 Å21).

In summary the measured structure factors in Al-Pd-M
alloys are compatible with the presence of a strong lo
icosahedral order in the liquid state, reminiscent of that in
solid. The best results are obtained when a large propor
of the atoms belong to icosahedral clusters. The rigid bind
of atoms within the clusters is suggested by two features~i!
the Debye-Waller factor in the liquid is related to that in
approximant phase,~ii ! the pair distances in the liquid ar
very close to those in solids.

VI. DISCUSSION

The results presented above imply that liquid Al-Pd-M
alloys in equilibrium with quasicrystalline or approxima
phases exhibit remarkable magnetic and structural proper
First, magnetic localized moments on Mn atoms exist in
liquid state. Although theQ dependence of the paramagne
scattering suggests the presence of Mn-Mn correlation
dilute alloy picture seems to be valid as a first approximat
because, at a given temperature, the susceptibility incre
linearily with the Mn concentration and tends towards t
susceptibility of the Al-Pd matrix when the Mn concentr

r



an

s
ug
tio
in
tte
igi

y
ar
ly
it

th
r

n

m
ib

f
f

us
ed
co

th
t
a
a
r

u
ra
he

s
in
th
ed
w

i
t

g-
th
d

a
e
-
lli

o
nt

o

n
Mn
be

ua-
s,
he
the
ion
ce
en

Co
nge
d.

nd
s in

hy
the

nt.
the
n
ag-

is-
lid
e
al-
eral
tic
be
x
are
ag-

ndo

o-

t
x-

his
an-
ur
her
ties
d

t is
ns
ns

be
tic

us
to

ss
ould
d in
r.
ces

PRB 58 6283LOCAL ORDER AND MAGNETISM IN LIQUID Al-Pd- . . .
tion tends to zero. Secondly, as shown in Sec. V A, at
fixed temperature, the same spin valueS, independent of the
Mn content, is drawn in a simple Curie model from the su
ceptibility and the paramagnetic scattering data, altho
their temperature dependence is in obvious contradic
with the Curie model. This shows that the continuous
crease of the susceptibility and of the paramagnetic sca
ing with temperature in the liquid state have the same or
and must be ascribed to a continuous increase of thecS(S
11) value with temperature. Schematically two kinds of h
pothesis might be considered. First, if all the Mn atoms
magnetic atTL , as implicitly assumed up to now, the on
possible explanation is an increase of the spin value w
temperature in the liquid state. Within this hypothesis,
spin value at 1180 K (1.3660.05) is indeed much smalle
than its maximal possible value~5/2! and reaches 1.91
60.09 at 1923 K. Secondly, if only a fraction of the M
atoms are magnetic at the melting temperatureTL , one can
consider an increase in the proportion of magnetic ato
when the temperature increases, in addition to the poss
increase of their spin value. Letc* be the concentration o
magnetic Mn. One consequence of the linear increase ox
with the total Mn concentration is that the ratioc* /c must be
independent ofc. The comparison between neutron and s
ceptibility data performed in Sec. V A remains unchang
as long as we assume that all the magnetic Mn atoms
tribute equally to the magnetic scattering, and allows one
determinec* S(S11). The minimum value ofc* /c, ob-
tained by assumingS55/2, is of the order of 0.35 at 1180 K
and 0.65 at 1923 K.~If the spin value is smaller, thenc* /c
increases!.

Before reviewing the implications of both these hypo
eses let us first make a few comments on magnetism in
liquid and solid states of Al-Pd-Mn alloys. First it seems th
the Pd atoms do not play an important role. Indeed the m
netic susceptibilities measured in Al-Pd-Mn alloys are ve
close to values found in dilute liquid Al1002c Mnc alloys
with c<5,55 where a linear dependence ofx upon the Mn
concentration has also been observed. Moreover in liq
Al1002cMnc , the susceptibility also increases with tempe
ture in the liquid state. It is striking to notice that among t
many studied metallic liquid hosts containing Mn atom
~Ref. 44!, this strange behavior is observed only
Al1002cMnc . The presence of paramagnetic scattering in
liquid Al80Mn20 alloy above its melting point was suggest
in Ref. 15 but no study of its temperature dependence
performed. Secondly, the solid Al-Pd-Mn phases with sim
lar compositions are found either to be nonmagnetic or
exhibit only small Curie terms. Here the term ‘‘nonma
netic’’ means that no Curie behavior is detected and that
measured susceptibility~sum of the conduction electron an
Larmor contributions! is temperature independent~apart
from a possibleT2 term due to the presence of a pseudog
at the Fermi level, see Sec. IV B!. We measured a singl
crystal of the approximantj8 phase and found that it is non
magnetic. Curie terms have been reported in quasicrysta
Al-Pd-Mn phases.36,56 The Curie constantC increases very
rapidly when the Mn content increases but even in the m
concentrated alloys,C remains small and only a few perce
of all Mn atoms bear a moment. Moreover the observation
a Mn nuclear magnetic resonance signal57 in quasicrystalline
y
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Al-Pd-Mn alloys gives more evidence that most of the M
atoms bear no localized magnetic moment, because the
nuclei located on the site of a magnetic moment cannot
detected. Therefore, magnetism in the solid Al-Pd-Mn q
sicrystals concerns only a small fraction of the Mn site
whereas in the liquid all, or at least a large proportion of t
Mn sites, are concerned. The jump in the susceptibility at
melting point is thus the direct consequence of the format
of moments in the liquid. A similar temperature dependen
of the susceptibility has previously been observed wh
melting Al65Cu20Co15 and Al70Ni15Co15 decagonal phases.58

In the absence of data on other samples with different
compositions or of neutron scattering data, an abrupt cha
of the Pauli susceptibility upon melting could be propose
However, in view of the similarity between these data a
ours, the hypothesis of magnetic moments on Co atom
the liquid should also be considered.

Then one must wonder why liquids are magnetic and w
this magnetism disappears in the solid state. In the solid,
pseudogap andsp2d hybridization21 could play an impor-
tant role in preventing the formation of a localized mome
However, considerations of Mn-Mn nearest distances in
solid are also important. From the analysis of the Mn-M
interaction potentials, it seems that the appearance of a m
netic moment is quite unfavorable for several Mn-Mn d
tances~Ref. 22! which are the preferred ones in most so
phases.59 Thus the effect of melting would schematically b
twofold. First the pseudogap is attenuated in the liquid,
though probably not completely erased. Secondly sev
Mn-Mn distances, for which the formation of a magne
moment is favorable, can occur. At this stage it would
worth knowing whether dilute Mn atoms in a fcc Al matri
are magnetic or not. Although contradictory answers
found in the literature, it seems that such Mn atoms are m
netic, this magnetism being possibly attenuated by a Ko
effect ~see Ref. 60, and references therein!. In the liquid,ab
initio calculations of several Al1002cMnc alloys ~with 14
<c<40) have predicted the occurrence of magnetic m
ments ascribed to topological disorder in the liquid.61 The
moment magnitude 3.3m B ~corresponding to a spin valueS
51.65, assumingg52) is compatible with the values tha
we found in Al-Pd-Mn alloys. However, because of the e
treme sensitivity of magnetism to the local structure, t
agreement must be considered as only a good hint. A qu
titative comparison of these theoretical predictions with o
results is not really meaningful because it is unclear whet
the liquid structure used to calculate the electronic proper
in Ref. 61 can describe the Al-Pd-Mn liquid alloys studie
here which have a much smaller Mn content. However, i
interesting to note that the moment found in the simulatio
decreases with the Mn content and that Mn-Mn interactio
are detected in Al-Mn liquids. This observation could
related to the anomalousQ dependence of the paramagne
scattering in Al72.1Pd20.7Mn7.2 at 1170 K.

Let us now discuss the possible origin of the continuo
increase of magnetism with the temperature, in relation
the evolution of the liquid structure. One must first discu
the consequences of thermal expansion which indeed c
lead to an increase of the spin value. Results can be foun
the literature for the case of Fe embedded in an Al cluste62

The magnetic moment on Fe, absent for Fe-Al distan
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shorter than the critical threshold, appears at the thres
and then continues to increase with the Fe-Al distance
this latter regime, a relative distance change of 0.4%~which
could be expected in liquid Al-Pd-Mn alloys when tempe
ture increases from 1180 to 1280 K, using the thermal
pansion of Al!, would cause a relative increase of the sp
value of 3%. As the observed relative increase of the s
value is 11%, it seems unlikely that it would be entire
caused by a thermal expansion effect and modifications
the liquid structure should be envisaged. Calculations of
magnetic moment of a Mn atom in an Al matrix as a functi
of the Al-Mn distance would, of course, be necessary to b
ter estimate the consequences of thermal expansion. In a
tion, it seems that the density change on melting is not s
ficient to trigger the appearance of a magnetic moment in
liquid ~its amplitude is probably too small and moreov
such an effect would imply that the critical Al-Mn distanc
for the formation of a moment is exactly met on meltin
which seems quite unlikely!. Dilatation would be the only
possible origin of a continuous increase ofS, if all the Mn
were magnetic atTL and if the liquid structure was tempera
ture independent. However, in the case of nonhomogene
magnetism, another possibility is that the fraction of ma
netic Mn atoms~i.e., c* /c) increases with temperature b
cause of modifications of the liquid structure. In this fram
work, the simplest hypothesis is to assume that a Mn a
with a local environment close to that in the solid rema
nonmagnetic in the liquid just aboveTL . This could be the
case of Mn atoms embedded in an Al icosahedron, while
atoms in another environment would be magnetic. In t
framework one must in addition assume that clusters are
gressively destroyed with increasing temperature. Howe
this hypothesis requires that at least 35% of the Mn ato
are magnetic~with S55/2) atTL and is not in good agree
ment with the results of the simulations of the structure f
tor at largeQ which rather suggest that most of the M
atoms are embedded in Al12 icosahedra. Another hypothes
is to consider dynamical fluctuations of the clusters arou
their mean equilibrium shape. In this latter case a given
atom within an icosahedral shell could change from a m
netic to a nonmagnetic state as a function of time. The o
requirement would be that a magnetic Mn must survive fo
time long enough to be observed by neutron scattering. T
it is difficult to conclude as both short- and medium-ran
orders are important for magnetism. Accurate simulations
realistic liquid models would be one way to validate th
hypothesis on the existence of magnetic and nonmagn
Mn in liquid Al-Pd-Mn alloys.

In conclusion we think that a strong local icosahedral
der exists in liquid Al-Pd-Mn alloys and is probably dete
minant to understand their magnetic properties. The fact
clusters existing in crystalline approximant phases subsis
the liquid state suggests a high stability of these cluster
indeed found in calculations of isolated Al12 Mn clusters.63

Modifications in the liquid structure as a function of tem
perature, such as changing Mn environments, give the m
likely explanation for the temperature-dependent magn
properties of liquid Al-Pd-Mn alloys.
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APPENDIX: NEUTRON SCATTERING
BY A MOLECULAR SYSTEM

We recall here the main results for neutron scattering b
system ofN particles constituted ofNm identical molecules,
each molecule containingNat atoms~Refs. 51–53!. Let us
assume that one can split the atomic position fluctuati
around their mean values into translational motion of
molecular center of mass around its mean value and in
molecular motions. Then one can introduce exp(22W), the
Debye-Waller factor relative to the motion of the center
mass of the molecule, and exp(22Wkl), the Debye-Waller
factor corresponding to the thermal changes (^dr kl&) of the
distancer kl between atomsk and l belonging to the same
molecule, due to the internal motions of the molecule. In
harmonic approximation 2Wkl5

1
3 Q2^dr kl

2 &. ~In order to
compare this expression with the usual Debye-Waller fac
in atomic systems one should consider that for first neighb
^dr kl

2 & is equal to^uk
2&1^ul

2&, where^uk
2& and ^ul

2& are the
mean thermal fluctuation of thekth and l th atom positions,
respectively.! For large enoughQ, exp(22W) is vanishing,
while exp(22Wkl) remains finite because the atoms with
the molecule are rigidly bound together while the molecu
are only weakly coupled. Therefore the differential scatter
cross section per atomds/dV reduces at largeQ to the
intramolecular contribution which is equal toNm^F2(Q)&/N,
where^F(Q)& is the molecular form factor and the bracke
stand for the thermodynamic average. For identical qu
spherical molecules, or molecules with random orientati
^F2(Q)& is given by~Ref. 53!

^F2~Q!&5 (
k,l 51~kÞ l !

Nat

bk bl

sin~Q^r kl&!

Q^r kl&
exp~22Wkl!

1 (
k51

Nat

bk
21 (

k51

Nat s inc
k

4p
, ~A1!

where ^r kl& is the average value of the distance betwe
atomsk and l within the molecule,bk is the mean scattering
length, ands inc

k the incoherent cross section of atomk.
Hence, at large Q, the structure factor S(Q)
5@4p(ds/dV)2s i #/(4p^b2&) ~where ^b2&5( j cjbj

2 and
s i5( j cjs inc

j , cj is the concentration of thej th element in
the system! is given by

S~Q!215
1

Nat̂ b2&
(

k,l 51~kÞ l !

Nat

bk bl

sin~Q^r kl&!

Q^r kl&

3exp~22Wkl!. ~A2!

This formalism has been successfully applied to molecu
systems in Refs. 52,53. Here we used it in Sec. V B to
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scribe the highQ-range part of the structure factor of liqui
Al-Pd-Mn alloys, assuming the existence of well-defin
clusters in the liquid. One requirement is that clusters hav
lifetime tc compatible with thermal neutron scattering~i.e.,
tc>10210 s!. Another requirement is that atoms within th
clusters are much more rigidly bound together than to ato
belonging to other clusters. Note that in the previous form
e

s

.

U
, J

P.

ux

t.

on

g

er

-

u

r,
a

s
l

ism the chemical composition of the molecule and that of
system are identical and that all the atoms belong to m
ecules (N5NmNat). In the case of Al-Pd-Mn alloys, this re
quirement is not necessarily fulfilled by the clusters, and
multiplicative factor NmNat/N must be introduced in Eq
~A2!.
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sent, and F. Hippert, J. Non-Cryst. Solids205-207, 6 ~1996!# we
had applied the same analysis to less accurate data and cou
draw precise conclusions for the Al76.5Pd20 Mn3.5 alloy.

48J. F. Sadoc, J. Dixmier, and A. Guinier, J. Non-Cryst. Solids12,
46 ~1973!.

49N. W. Ashcroft and D. C. Langreth, Phys. Rev.156, 685 ~1967!.
50J. Adam and J. B. Rich, Acta Crystallogr.7, 813 ~1954!; M.

Cooper and K. Robinson,ibid. 20, 614 ~1966!; G. Kreiner and
H. F. Franzen, J. Alloys Compd.202, L21 ~1993!; T. Schenk, H.
Klein, M. Audier, V. Simonet, F. Hippert, J. Rodriguez
Carvajal, and R. Bellissent, Philos. Mag. Lett.76, 189 ~1997!.

51G. Dolling, B. M. Powell, and V. F. Sears, Mol. Phys.6, 37
~1979!.
e

r
e

not

52P. Damay, F. Leclercq, and P. Chieux, Phys. Rev. B41, 9676
~1990!.

53F. Leclercq, P. Damay, M. Foukani, P. Chieux, M. C. Bellisse
Funel, A. Rassat, and C. Fabre, Phys. Rev. B48, 2748~1993!.

54A linear law^dr i
2&5^dr 0

2&^r i&/^r 0&, as proposed in Ref. 53, lead
to a poorer agreement in theQ range@4.5–7 Å21], but in thisQ
range intercluster terms may also contribute to the measu
structure factor and mask some features of the intracluster
tribution.

55C. P. Flynn, D. A. Rigney, and J. A. Gardner, Philos. Mag.15,
1255 ~1967!.

56M. A. Chernikov, A. Bernasconi, C. Beeli, A. Schilling, and H. R
Ott, Phys. Rev. B48, 3058~1993!; Y. Hattori, K. Fukamichi, H.
Chikama, H. Aruga-Katori, and T. Goto, J. Phys.: Conde
Matter6, 10 129~1994!; J. C. Lasjaunias, A. Sulpice, N. Keller
J. J. Pre´jean, and M. de Boissieu, Phys. Rev. B52, 886 ~1995!.

57T. Shinohora, A. P. Tsai, and T. Masumoto, J. Phys.: Conde
Matter 4, 3043~1992!.

58R. Lück, and S. Kek, J. Non-Cryst. Solids153-154, 329 ~1993!.
59J. Zhou and A. E. Carlsson, Phys. Rev. Lett.70, 3748~1993!.
60S. L. Yang, H. B. Lan, K. L. Wang, L. F. Dona` dalle Rose, and F.

Toigo, Phys. Rev. B44, 10 508~1991!.
61A. M. Bratkovsky, A. V. Smirnov, D. Nguyen Manh, and A

Pasturel, Phys. Rev. B52, 3056~1995!; A. V. Smirnov and A.
M. Bratkovsky,ibid. 53, 8515~1996!.

62D. Guenzburger and D. E. Ellis, Phys. Rev. Lett.67, 3832~1991!.
63X. G. Gong and V. Kumar, Phys. Rev. B50, 17 701~1994!.


