PHYSICAL REVIEW B VOLUME 58, NUMBER 10 1 SEPTEMBER 1998-II

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 strucf&@163-18208)07033-7

I. INTRODUCTION discussed.However, these models were progressively aban-
doned when stable quasicrystalline phases exhibiting Bragg
The discovery of quasiperiodic structures with icosahedrapeaks as narrow as those of periodic crystals of good quality
symmetry by Shechtmaet al. in 1984 (Ref. 1) has aroused were found in, for instance, Al-Fe-Cu and Al-Pd-Mn phases.
interest in the study of the relationship between short-rang&rom several diffraction studies, it was shown that both ori-
icosahedral order in liquid alloys or metallic glasses and thentational order and long-range quasiperiodic translational
long-range order in this new state of mattérPreviously, order occur in these stable phas&shich exhibit anomalous
the idea that structures of liquid metals could be based otransport properties such as a very high resistiffltiost
packings of icosahedral units was suggested by Frank in ostructural models involve packings of various icosahedral
der to explain supercooling effe€ven though this prop- clusters with a large number of atoms, such as Mackay clus-
erty was later confirmed by molecular dynamics simulationders (54 atom$ in Al-Pd-Mn quasicrystals or Bergman clus-
of supercooled liquids,experimental proof is still required. ters(104 atomgin Al-Li-Cu quasicrystals: The same clus-
Let us recall that the first quasicrystalline samples of Shechtters are also found in the approximants of quasicrystals,
manet al. (Ref. 1) were obtained by melt spinning of liquid which are periodic phases with large unit cells whose struc-
Al-Mn and Al-Cr alloys. Since these compounds were metatures are closely related to that of quasicrystal€lusters
stable, several authSrfirst attempted to describe their struc- are not only a convenient geometrical description of these
ture by icosahedral glass models which display long-rangeomplex phases but indeed play a role in their propetfiéd.
orientational order, but only short-range translational orderTherefore, in the case of liquid-icosahedral solid phase equi-
which would lead to rather sharp diffraction peaks in accordibrium, it might be expected that the local order in liquids
dance with experimental diffraction patterns observed orforming quasicrystals reflects the local organization of atoms
these first materials. Alternatively, the possibility of anin the solid. Although the results of previous studies on lig-
icosahedratic phasg.e., a three-dimensional generalization uid AlggMn,g and Ak;PdigMn;, alloys>1® suggest the pres-
of the two-dimensional hexatic phasénas also been ence of local icosahedral order in these liquid states, no di-
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rect comparison has yet been made with the local order in tha|.q Pd,s Mng g Alzg PhMnz s and Akg Pdig Mn; 7, and
solid state. one binary alloy A};,Pd;s. High purity constituent elements

On the basis of results of a previous study of the Al-(Al 99.999 wt. %, Pd and Mn 99.9 wt. pavere melted in a
Pd-Mn phase diagram in the region of quasicrystallinecold crucible induction furnace under argon atmosphere. The
phases;*®we considered it interesting to compare carefully compositions were chosen according to the results of a met-
the local order in liquid phases and in quasicrystalline orallurgical investigation related to thermodynamic liquid-solid
approximant equilibrium phases for several compositionsequilibria of the Al-Pd-Mn phase diagram in the region of
Al-Pd-Mn alloys (with Mn content between 3.5 and 7.2% the quasicrystalline phase fielRef. 17. In particular, com-
are interesting for such a study for the following reasdhs. position ranges of liquidus phase fields in equilibrium with
The structures of several complex approximant Al-Pd-Mnicosahedral and approximant phases were determined from
phases have been recently solved and their decorations {Ris study. As each of these solid phases exhibits a noncon-
terms of icosahedral clusters have been well establi%ﬂwed.gruem melting, their composition lies outside of the compo-
(i) The structural models of the quasicrystalline phase argijtion range of their corresponding liquidus phase field.
very detailed and here again their decoration, although not Thus, the compositions of samples;APd,,-Mn;, (a)
Completely SOIVed, Implles the packing of icosahedral Unit%nd A|77Pd18|v|n5 (b) were chosen such that a primary crys-
(Ref. 9. (iii) The melting is nearly congruent and thus thetajlization of quasicrystalline icosahedral ph@sose com-
icosahedral or approximant phases obtained by primary crysgosition lies in the range of A68 to 69.5, Pd20.3 to 23.2,
tallization have a composition close to that of the liquid. Mn(8 to 10.3] was obtained through a normal alloy casting.
Additional interest in studying liquid Al-Pd-Mn alloys was subsequent crystallizations of other phases in these samples
raised by our first neutron scattering resiflthat suggested were determined by standard methods: differential thermal
the appearance of localized moments in the ||qU|d State. Thl,@na|yses1 chemical Composition ana|yses by X-ray wave-
a possible correlation between the variations of the iCOS&thngth Spectroscopy and structure ana|yses either by X-ray or
dral order and of the magnetic properties with temperature|ectron diffraction. These phases are approximants of the
could be considered. Moment formation in icosahedral angcosahedral structure, callegl [in the range Ai73 to 74,
approximant phasés® is affected by the presence of a pg21.6 to 23, Mn(4 to 4.4] andR (Al 78.6, Pd 5.7, Mn
pseudogap in the density of states at the Fermi [EVel. 15.6, and an Al-rich ternary eutectic (AJ//R) (Ref. 17.
Hence, it is to be expected that melting strongly affects therhe proportion of icosahedral phase present in sar@lis
electronic properties, and thereby magnetism as well. Thergarge (about 60 vol. % It is much less in the samplé)
fore the aims of the present investigation are first to carry outapout 10 vol. %, for which the majority phase is thé’
Pd-Mn alloys in order to determine their composition andsample compositions that we have studiedso#Pds gMns
temperature dependences, secondly to determine local ordgsj Al Pd,Mns s (d) and Al Pdyo Mny; £ (€), the primary
in the liquid alloy through comparison with local order in the ¢rystajlization under normal casting conditions corresponds
solid, and finally to examine the interplay between magnetigy the formation of the’ approximant phase, whose propor-
properties and local ordeshort and medium rangén the  tion varies as a function of the initial liquid alloy composi-
solid and in the liquid. _ o tion. The binary alloy A},Pdyy (f) consists mainly of an

In the present paper, after a brief description of the Al-othorhombic Ay Pd phasé* nearly isomorphous with the
Pd-Mn samplegSec. 1), we present_the main feature_s de- ¢' approximant, and a eutectic Al/Rd phase. As deter-
duced from neutron scattering experimef88c. Il). Section  mined from differential thermal analysis, the transformation
IV is devoted to magnetic properties. The occurrence Otemperatures corresponding to the beginning of primary
paramagnetic neutron scattering in the liquid state is f'rSErystaIIization from the liquid phaseT() are 1160, 1122,
_establishedSec_. IV A). This magnetism is thoroughl_y stud- 1096, 1118, 1125, and 1050 K for the different sams&s
ied by susceptibility and polarized neutron scattering meays) respectively. For each ternary sample, the solidification

surementsSecs. IV B and IV §which in addition show that = gngs with the formation of the ternary eutectic at an invariant
the solids are nonmagnetic. Then by carefully comparingemperature off e=890+5 K. The melting point of the bi-
neutron and susceptibility dat&ec. V A we establish the nary eutectic AI/ALPd is 888 K.

presence of localized magnetic moments on Mn atoms in the
liquid state and estimate their spin value. In Sec. V B, we try
to characterize the local order in the solid and liquid states in
the framework of the Sachdev and Nelson the@gfs. 2,3

and by simulations of the structure factors at large momen- A. Experimental

_l . . .
tum transferQ (Q=4.5 A™1). Finally in Sec. VI, we dis- Neutron scattering experiments were performed on the

cuss the possible origin of the magnetic moments in the qu-S ectrometer 7C2 of the Orpeeactor, at LLECE Saclay
uid state, and of the striking temperature dependence of th Al Pcbo My 5 Al7PdgMng e,md Abg sszoMnse;

magnetic properties, in connection with the temperature evoéamples, in the solid and liquid states up to 1300 K. The

Iut|o_n of s_hort- ar_1d meo_llur_n-range structural order at thescattered intensities were measured using a fixed 640-cell

melting point and in the liquid state. detector in a momentum transfe®) range of 0.5or 0.7)

—16 A ! and with an incident neutron wavelengkh of

0.7046 A. The samples were heated in a vanadium resistor
We prepared five Al-Pd-Mn alloys with the fol- furnace. Further experiments were carried out on the spec-

lowing compositions: Aly Pdyo Mn; Al -PdigMns,  trometer D4B of the high flux reactor at IL{Grenoblg, on

Ill. STRUCTURE FACTORS

Il. SAMPLES
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an Al Pdyg Mn5 , sample up to 1923 K, using of 0.7026

A. The scattered intensities were measured through two 64-
cell moving detectors in @ range of 0.2—14 A*. The high
temperatures were reached by using a tungsten resistor
furnacé® and measured with a two-color optical pyrometer.
The samples were melted in single crystal sapphire contain-
ers which do not react with molten Al-Pd-Mn alloys. The
orientation of each container around the vertical apisr-

[ — 1123K (a) 1
[ .- 1223K Al72.1Pd20.7Mn7.2 ]

4n do/dQ (barns)

pendicular to the scattering plangas set such that no Bragg = 7 ‘ 87é K " 1)
reflection could be detected. However, because of the low c 6 — ]
resolution inQ space of the two spectrometers, Bragg con- § 5p - 1223K Alze5PdzoMn3s
taminations could not be completely eliminated. The scatter- a4t ]
ing of the empty container was then measured at tempera- B 3r /\.1\ ]
tures corresponding to those of the experiment before -8 2F VI Sl G —
introducing the sample. The sample mas&saindrical in- e 1 1%)\0‘/ ]
gots were between 13 and 17 g. ~ o L

At a given temperature the differential scattering cross 0 1 2 3 4 . 5 6 7 8 9
section of the sampledig/dQ)(Q) was obtained by sub- Q (A1)
tracting from the spectrum of the full container, the spectrum _ _ . )
FIG. 1. Comparison of the neutron differential scattering cross

of the empty sapphire container within the furnace, multi-
Pty sapp section (4rdo/dQ) in barns versu§ in the solid and in the liquid

lied by a temperature-independent proportionality coeffi- N
Eient ayand thepspectrum ofpthe emptpy fErnace miltip"edstates(a) Al4, Py Mn; 5 the Bragg peaks characteristic of icosa-

) hedral order, according to Ref. 3, are indicated by vertical lines
by 1—a. For each sample the value was adjusted so that | Qy=2.905 AL Q,=1.050,, Q,=1.7010,, andQ,=2.000,)

any Frace of the sapphire scattering could not be detected | d the horizontal line indicates the total scattering cross section
the final spectra. The values were found to vary between o1 =2.166 b.(b) Al PcbhgMns e the horizontal line indicatest

0.91 and 0.93 for the different samples. They are in agree=», 125 p.
ment with the transmission factor calculated following the
g o S o o . s i lcy a1 72 . uhere e sample vas

> ) > ntirely solid consisting mainly of th&' approximant phase,
Plazeck corrections for inelastic scatteffi’and a standard . a1 1223 K in the liquid stata( = 1118 K) are shown in
multiple scattering correctidf were carried out. A vana- Fig. 1b). Although the Bragg peaks in Fig.(H) differ
dium sample with a geometry |Qent|cal to that of the Al- slightly from those of the icosahedral phase in Fig)lan
Pd-Mn samples was measured in order to get an absolulg eraj| similarity between both sets of spectra is observed.
normal|ze}t|on of the cross sections. In all cases thel’he same kind of observation holds for the,APchs Mns
asymptotic value of 4(do/dQ2)(Q) at largeQ coincides, 5oy Figure 3 shows that the experimental structure factors
within a feyv percent, with the calculated total_scatterlngof these three alloys at 1223 (Ke., just above their liquidus
cross sectionor=o;+4m(b?), where o;=3cjol,; and temperaturgare indeed extremely similar, except at sn@ll
(b?)=3c;b;®. [0}, is the intrinsic incoherent scattering values where paramagnetic scattering contributions are su-
cross section(isotopic and nuclear spin mixture contribu- perimposed on the measured structure factor, as will be ex-
tions), b; the average scattering length, asjdhe concentra- plained in Sec. IV A. Such observations suggest the presence
tion of the jth element(Al, Pd, or Mn) (Ref. 26.] Such  of strong local order in the liquid state above,Treminis-
agreement validated the corrections applied to the measuregnt of that in the solid.
neutron intensities. In the following we have normalized the We have therefore searched for a possible evolution of the
data so that the asymptotic value of the differential scatteringieutron scattered intensity with increasing temperature in the
cross section at larg® is equal toot. The experimental
structure factoiS,,{ Q) is related to the differential scatter- 3.0 L L L

ing cross section byS,,(Q)=[4m(da/dQ)(Q)— o]/ Al721Pd20.7Mn7.2
47(b?), i.e., normalized to unity.

Neutron scattering spectra measured on the
Al45 Py Mn,, alloy at 1103 K where the eutectic was
molten(and hence the solid icosahedral phase coexisted with
a small fraction of liquigl and at 1223 K just above the 1-54 5 "3 7 8 é 1'0 1'1 1'2 1'3 14
melting point (T, =1160 K) are shown in Fig. (g). The a (A1)
broad maxima of the differential scattering cross section in
the liquid state correspond to the main Bragg peak groups of FiG. 2. Neutron differential scattering cross section at lagge
the icosahedral phase. The similarity between the liquid angh the liquid (1223 K) and in the solid icosahedral phagel 23 K)
solid spectra extends up to the larg€stvalues as can be in Aly, PdyMn;,. [The data at smalle are shown in Fig. (8)].
seen in Fig. 2. The neutron scattering spectra measured @, andQ; have the same meaning as in Figa)l

)
c
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=2
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FIG. 3. Comparison of the experimental liquid structure factors
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FIG. 5. Temperature dependence of the differential scattering

Sexl(Q) at 1223 K for three Al-Pd-Mn alloys. The three curves are cross sectiondy=4mwdo/dQ) atQ=0.2 A~1 in Al7, Pdho Mn5 5.

almost indiscernible fo=5 A~? (inse.

The dashed line indicates the maximum valuergfin the absence
of paramagnetic scatteringsee text At the lowest temperature

liguid state. This study was performed up to 1923 K, using(1123 K) the sample is a mixture of liquid and solid icosahedral

the spectrometer D4B, on the AlPd,q Mn-, alloy whose

primary crystallization gives rise to the largest proportion of

phase.

icosahedral phase. Results are shown in Fig. 4. As expectel ;, |Pd,; Mn- , alloy is plotted as a function of temperature

in liquid metallic alloys, the oscillations of the structure fac-

from 1123 K up to 1923 K. In the liquid state is obtained

tor are broadened and their amplitudes decrease with increalsy calculating the mean value ofda/dQ)(Q) in a small

ing temperature. An evolution of the liquid structure is sug-

Q range around 0.2 Al and the error bar is equal to the

gested by the fact that the shoulder on the second peakatistical error. In the solid state, the presence of Bragg

(around 5.5 A1), well defined just above the melting point,

peaks leads to overestimateg values. This is the reason

is progressively damped with increasing temperature. Finallyhy the error bars for the solid state are larger than those for

it must be emphasized that the oscillations at laf@eemain
well defined up to 1923 K.

IV. MAGNETISM
A. Paramagnetic neutron scattering

Another peculiar feature we noticed for all the alloys in

the neutron scattering experiments is that a marked increase

of the differential scattering cross section at sn@albccurs
when the temperature increases frogto T, (Fig. 1). In the

liquid, aboveT, it continues to increase with temperature
but with a much smaller slope. We shall show that part o
these effects results from variations of the paramagnetic scat-
tering. In Fig. 5, the differential scattering cross section

47(de/dQ)(Q) at 0.2 Al (6,) measured on the

7 T T T T T T
. Al72.1Pd20.7Mn7.2
» 6 ]
=
5 |
S 3 y
[ £ ot
< 2 -j /S 1
1 L L L L L L
0 2 4 6 8 10 12 14
Q (A1)

FIG. 4. Temperature evolution of the neutron differential scat-

tering cross section for A ;PdyMn-, in the liquid state, mea-
sured with the D4B spectrometer. The vertical sdabeb) corre-

the liquid state. Note that another type of error comes from
uncertainties in the various corrections applied to the mea-
sured neutron spectr@ec. Il A). They lead to an overall
shift of the oy data in Fig. 5 but do not affect relative varia-
tions with temperature. Such errors, estimated to be of the
order of+0.06 b, are not included in the statistical error bars
shown in Fig. 5.

The differential scattering cross section at sn@llis a

sum of different contributions that we have to evaluate in
order to deduce that of the paramagnetic scattering. Several
physical processes must be considered: the density fluctua-

gion termoy, the intrinsic incoherent scatteririgotopic and

uclear spino;, the chemical incoherent scattering resulting
rom the mixture of the different elementg. whose maxi-
mum value is given by #((b%)—(b)?), and the paramag-
netic scattering 4(do,/dQ)(Q); thus,

do doy
47Td—Q(Q)—0'd+0'i+0'c+47Td—Q(Q). 4.1
The density fluctuation ternry is equal tokg T porr47(b?)
at Q—0, wherep, is the number of atoms per unit volume
and «7 is the isothermal compressibility equal to
Cp/(CUpvg), where C,, (respectively,C,) is the constant
pressure(respectively, volumeheat capacityp the mass
density, andvg the sound velocity of the alloy% In most
metallic liquid alloys, o4 at Q—0 is about 2% of the
47(b?) value?

In the case of the A} PdyMn;, alloy, the nuclear in-
coherent scattering; is equal to 0.054 KRef. 26 and oy
can be accurately evaluated since the sound velocity in a
similar alloy (AlggMnyg) was measured to bevg

sponds to the data measured at 1223 K. The curves at successive4400 ms?t at 1223 K** The corresponding value of

temperatures have been shifted by steps of 0.5 b.

kgTpoxr is equal to 0.014, using a ratio value Gf,/C,
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=1.153* and thenoy is equal to 0.03 b. Then, from the
measuredr, value, we can deduce the sum of the chemical
incoherent scattering and of the paramagnetic scattering at
Q=0.2 A1 Further analysis involves a separation of these
two contributions. However, we can already notice that the
measureds value at 1223 K (1.20.06 b is larger than
0.71 b obtained by summingy, o;, and the maximum
chemical incoherent scatteringr{=0.624 b). This proves

the existence of paramagnetic scattering whose minimal
value is therefore 0.49 b. The increaseogfduring melting

can result from an increase of either the chemical incoherent
scattering only the paramagnetic scattering only, or both. In
order to separate these two effects we performed two other

19.2Mn1 7 ]

108 % (emu/mole)

kinds of experiments: magnetic susceptibility measurements 10 o
as a function of temperatuf&ec. 1V B) and polarized neu- 0 bppeeeres
tron scatteringSec. IV Q. 1 o EsossecRea / .
900 100 1100 1200 1300
B. Magnetic susceptibility T (K)

Using a Faraday balance, variations of the susceptibility ri. 6. Temperature dependence of the magnetic susceptibility
were measured as a function of temperature on six samplefyring the solid-liquid transformation and in the liquid state, for the
@ Al PdoMns, (b))  AlyPdgMns,  and  (d) different Al-Pd-Mn alloys[samples(a)—(e)] and for the binary
Al76 PhoMng 5, previously studied by neutron scattering, AlgPd,q alloy [sample(f)]. For each alloy the liquidus temperature
and (c) Al,gPdigdMnge (6) AlygPdigMng 4 and (f) is indicated by an arrow. The statistical error bars are smaller than
Alg,Pd,q. The magnetization was measured in a constanthe size of the symbols. The solid lines are guides to the eye. Data
magnetic field =10 kG), in the temperature rand800—  measured when increasirigpen symbolsand decreasingclose
1300 K]. The sample$mass=0.1 g were ground into pow- symbol$ temperature are identicdFor sample(c) no distinction is
der, put in a small sapphire container, and introduced in &ade between data measured for increasing and decreasing tem-
quartz tube sealed under vacuum. The temperature depep@rature] The susceptibility in the solid state is shown in the insets
dence of the magnetic susceptibility in the different alloys,for samplesia), (b), (d), and(e). For samplega), (b), and(d) a T
x=M/H, is shown in Fig. 6. The contributions of the sap- varlatlpn_fol_lows(solld line) up to the meltlpg point of the ternary
phire and quartz containers were found to be temperaturgutectic indicated by the vertical dashed line.
independent and were subtracted. The temperature was
changed by steps of 25 K every 35 min. IdentigdlT)  of icosahedral and approximant phases in the solid sample
curves were obtained for heating and cooling cycles. Thiglecreases. In sample), x does not vary withl in the solid
reversibility suggests that the samples are in thermodynamigtate, within the accuracy of the data. In all samples a clear
equilibrium aboveTe. In Fig. 6 the error bars for the mea- change of regime occurs when the temperature reaches the
surements are smaller than the size of the symbols. Howevenelting temperature of the eutectit =890 K) as can be
systematic errors in the susceptibility correctidissibtrac-  seen in the insets of Figs(# and Gb). Above Tg, x in-
tion of the quartz and sapphire susceptibjligan cause an creases more rapidly with temperature than in the solid state.
overall shift of the data. In order to evaluate this error, weln the temperature rangeTe—T ] the slopedy/dT in-
systematically performed magnetization measurements, usreases continuously. At an abrupt change afy/dT oc-
ing a superconducting quantum interference de®®@UID) curs. AboveT, in the liquid statey goes on increasing with
magnetometer, on all the samples previously measured wittemperature but with a much smaller slope. It is striking to
the Faraday balance. For each sample, a very slight correcote the similarity between thg(T) (Fig. 6) anda(T) (Fig.
tion (<6x10° % emu/mol¢ was required in order to make 5) curves.
the susceptibility at 300 K coincide with the value deter- In the liquid state, at any fixed temperatune,can be
mined using the SQUID magnetometer. expressed a&(T) +B(T)c, wherec is the Mn concentration

At room temperature, all the samples were found to beof the alloy (Fig. 7): A(T)=0 at all temperatures ari(T)
diamagnetic. No appreciable Curie terms were detectethcreases with temperature. There is perhaps a slight depar-
down © 4 K from the SQUID measurements, which estab-ture from this law for the more concentrated alloy
lishes an absence of localized magnetic moments in all thél,, PdyMn;,. In spite of their different Al/Pd ratio, it
phases contained in the solid samples., quasicrystalline is interesting to notice that the AlPdMnss and
phase¢’ approximant phase, and eutegtin the solid state, Al,q fPdig Mns g alloys have almost the same susceptibility
up to Tg, the magnetic susceptibility exhibits & depen-  thus suggesting that Pd atoms do not influence the magnetic
dence x(T)— x(T=0)xT?], as previously observed in sev- behavior. The observed linear concentration dependence of
eral quasicrystalline phases and ascribed to the presentee susceptibility suggests a simple dilute alloy picture where
of a pseudogap at the Fermi levef® The amplitude of magnetic atoms are diluted in a nonmagnetic matrix. To con-
the T2 term decreases  progressively,  from firm this point, we studied the binary 4IPd,, alloy whose
17x10 2 emufmole.K?) in sample (a8 to 4.7 Al/Pd ratio is close to the Al/Pd ratios in the studied Al-

X 10" %2 emul{mole.K?) in sample(d), when the proportion Pd-Mn samples. Its magnetic susceptibility in the liquid state



6278 V. SIMONET et al. PRB 58

120

0.10 T

Aly 0I0-x-cde|\}|nc Al72.1Pd20.7Mn7.2 11.0
100 | 0.08 | )
— magnetic (a) 4 0.8
% 80 T=1180K 0.06 -1170K}§§
E ' $
60 .
E 0.02 | EE % §
= 40 1 0.00 —% - % ﬂ = %ﬁ
S 20 0 L300K 1™ W , T
2.4 T T T T
0 ) (b) nuclear
20 |

0.00 0.02 0.04 0.06 0.08
¢ (Mn concentration)

41 donuc/dS2 (barns) 41 domag/d€2 (barns)

1.2
FIG. 7. Magnetic susceptibility at 1180 K versus the Mn con- 08 I 1
centrationc in liquid Al-Pd-Mn alloys. The solid line is a linear fit 04|
of the data forc<0.05: y=A(T)+B(T)c with A(T=1180 K) 300K
=(0+1)x10°® emu/mole and B(T=1180 K)=(1350*75) 0 05 10 15 20 26
% 10~® emulmole Mn). Q (A1)
is temperature independent and nearly equal to £Efg. FIG. 8. Polarized neutron scattering measuremeajs.Q de-
6(b)] in agreement with the observation that thT) termis  pendence of the differential paramagnetic scattering cross section in
close to zero at all temperatures. Al Pdbo Mn; , at 300 K (full square$ and at 1170 K in the liquid

In summary the susceptibility increase just abdein  state(open circles There is paramagnetic scattering in the liquid
Al-Pd-Mn alloys is clearly due to the onset of melting. The state and no such signal in the solid state. The data in the liquid
continuous increase of betweenTg and T reflects the state, normalized to 1 & =0 (right vertical scalg are compared
increasing proportion of liquid in the solid-liquid mixture. A to the form factor of a free M ion (solid ling). (b): Differential
guantitative interpretation of this susceptibility variation is nuclear scattering cross section at 300 and 1178dne symbols
made difficult by the fact that liquid composition is changing as in(a)].
continuously with temperature during the noncongruent

melting (i.e., the Mn concentration in the liquid increases ;..o nt the finite value of the flipping ratio of the experi-

The susceptibility in the liquid state appears to be propory, oy setugRef. 37 determined from the scattering of a

o ) . et]uartz glass sampl@lmost entirely non-spin-flijp A Monte
vangﬂon OfX.O.r? melting result; frpm an increase of thg Carlo program was used to compute the multiple scattering
Pauli suscept|b_|l|ty Whose contribution to Fh_e paramagnetic, e ction in a spin polarization analysis configuration taking
neutron scattering would in any case be difficult to observey,, aecoynt the self-absorption correction for the Al-Pd-Mn
This conclusion is further supported by the fact that only 3 nd vanadium samples.

very small susceptibi'lity jump is observed in the' binary The differential magnetic scattering cross section at 300
Alg,Pd,q alloy on melting. Therefore all these experimental and 1170 K(obtained by averaging spin-flip and non-spin-

results suggest that the magnetism in the liquid state is due tl‘ﬂp measuremenisis shown in Fig. &). Very large error
the formation of localized magnetic moments on Mn atomsy,, < are due to small counting rates resulting from the sig-

. . nificant attenuation of the incident and scattered beams
C. Polarized neutron scattering within the neutron polarizer and analyzer devices. Neverthe-

Polarized neutron scattering experiments were performel£ss, in agreement with previous results, paramagnetic scat-
on the D7 spectrometer at IL{Grenobl¢ with an incident tering is detected in the liquid state while it is not measurable
neutron wavelength of 4.8 A. The Ab, PdMn,,alloy  in the solid state. The differential nuclear scattering cross
was studied at room temperature and at 1170 K, just abov@ection is shown in Fig.(8) for the same temperatures. In
the liquidus temperature. Incident neutrons were sequentialifhe liquid, the first peak of the structure factor does not con-
polarized along the three perpendicular directions. For eachibute to the measured signal f@<1.6 A™*. The nuclear
direction of polarization, the spin-flip and non-spin-flip scat- Signal decreases slightly fro@=0.2 up to 0.6 A'*. This
terings were alternatively measured. Paramagnetic antelatively small effect could be due to the existence of den-
nuclear spin incoherent scatterings give rise to both spin-fligity inhomogeneities leading to small angle scattering. It will
and non-spin-flip processes while the nuclear coherent anbe neglected in the following. For 6s8Q<1.5 A~! the
incoherent(isotopic and chemicglscatterings are non-spin- nuclear signal is constatgqual to 0.7-0.07 B. It is the sum
flip. By suitable combinations of the measured spin-flip andof the density fluctuation terrt0.03 b, the nuclear isotopic
non-spin-flip signals, the contributions of the nuclear spinincoherent scattering whose maximum value is equal to
incoherent scattering, the nuclear scattering and the parama@-019 b% and the chemical incoherent scattering. Therefore
netic scattering can be determin€dA vanadium sample the chemical incoherent scattering contribution is equal to
was measured to determine the detector efficiencies and .= 0.65+0.07 b. This value is in good agreement with the
convert the measured intensities to barn. The contribution ofalculated maximal value of 0.624 b. In the solid, the nuclear
the sample environment was subtracted. The measured spimcoherent scattering, measured between the Bragg peaks,
flip and non-spin-flip intensities were corrected taking intoreaches only 0#0.1 b. Therefore we conclude that the
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chemical incoherent scattering increases on melting andthereC is the Curie constant. Hence the differential para-
reaches its maximal value in the liquid state ab®ye Thus  magnetic scattering cross section can be written as
the increase of the differential scattering cross section mea-
sured with unpolarized neutrons on melting is not only due d
. L L o 8w

to the onset of paramagnetic scattering in the liquid but also 47T_P(Q): —chF(Q)ZS(S+ 1), (5.3
to an increase of the chemical incoherent scattering. dQ 3

Knowing the chemical incoherent scattering contribution,
the differential paramagnetic scattering cross section in thend itsQ dependence reproduces that of the squared mag-
liquid can be calculated from the differential scattering crossetic form factor. It is quite evident that the susceptibility of
section measured using unpolarized neutifds (4.1)]. In  the liquid Al-Pd-Mn alloys cannot be described by a simple
the Aly, Pdhg Mn-; alloy, at 1223 K, fromog=1.2+£0.06 b Curie law, nor even a Curie-Weiss-like behavigr=C/(T
at Q=0.2 A™1, one obtains 4(do,/dQ)(Q)=0.49 b +0)], since both forms imply a decreasing susceptibility
which is much larger than the signal measured using polamwith increasing temperature, in contrast with the present ob-
ized neutrons £0.075-0.015 B. This discrepancy is prob- servations. Neither is the observed continuous increase of the
ably due to the quasielastic nature of the paramagnetic scataramagnetic scattering with temperature expected in a Curie
tering (see, for example, Ref. 390n D7 the integration on model. Nevertheless we will assume a Curie behavior in the
energy is limited, on the neutron energy loss side, by the lowollowing and we will discuss later on the anomalous tem-
incident neutron energyE;=3.5 me\j and, on the neutron perature dependence of the susceptibility and the paramag-
energy gain side, by an effective cut¢firound 10 meYdue  netic scattering.
to the progressive decrease of the efficiency of the neutron At each temperature, the magnitudeas(S+1) can be
spin analyzers with increasing energy. On the contrary, theeduced from the susceptibility measurement, using Eqg.
high incident energies used on the 7C2 and D4B spectrom’5.2). Since at a given temperature the susceptibility is pro-
eters (E=170 me\j permit an integration of a much larger portional to the Mn concentratiomeglecting the small de-
fraction, or almost the whole, of the paramagnetic responseparture from the linear law observed for samf@g we can
Assuming the whole signal is integrated on 7C2 and D4Bgconclude that, at each temperature, the spin value is indepen-
then only 15% of the paramagnetic signal was detected odent of c. Polarized neutron scattering experime&ec.
D7 at 1170 K%° IV C) on samplga) demonstrated that the chemical incoher-
ent scattering is equal to its maximal value in the liquid state.
We shall assume that this is also true for the two other stud-
ied samplegb) (c¢.=0.46 b and (d) (6.,=0.372 B. Then
A. Magnetism the paramagnetic scattering can be deduced from the differ-
Sptial scattering cross section measured with unpolarized

In this section we compare the temperature dependence ; )
o : . ~.neutrons by using Eq4.1), with o; equal to 0.054, 0.043,
the susceptibility and that of the paramagnetic scattering 'Qnd 0.039 b for sample&), (b), and (d), respectively, and

the liquid state of the studied Al-Pd-Mn alloys, assuming thet King. int t the t i q d f the den-
formation of localized moments in the liquid. We shall as- axing into account the temperature dependence o

sume that all the Mn atoms bear the same sirln the sity fluctuation term which remains in any case a small con-

quasistatic approximation, i.e., if the spectral extent of thetr|but|on. Thec(S+1) values can then be deduced from

paramagnetic scattering is less thgT, whereT is the tem- the paramagnetic scattering, using €#3) and compared to

perature of the measurement, and if the whole quasielastl%‘e cS(S;lehvaluelzs dgdu;:egjl from thetsus<f:e'>£te|b(|:l(|;% n;erii-on
paramagnetic scattering is integrated in energy, the differe purements, the only adjustable parameter o P

. 2 . . . .
tial paramagnetic scattering cross section can be express 8'”9': (Q). The comparison is shown in Fig. 9 as a func-
;§1p gneti ng I XP tion of temperature for sampleg) Al;, 1 Pdho7Mn;, (b)

Al4; Pdig Mns, and(d) Al 5PdyMns 5 using the 7C2 data
) at Q=0.7 A%, For each sample good agreement between
doy, et kgT both sets ot S(S+1) data is obtained at all temperature in
4Wd_Q(Q):8”°r0(§9F(Q>) X(Q)_gzﬂz’ 5D the liquid state withF%(Q=0.7 A-1) equal to 0.65, 0.76,
B and 0.83, respectively, for sample&s, (b), and(d). In Fig. 9
only the statistical errors are represented. Taking into ac-

. P o . . count all the sources of errgsee Secs. IV A and IV Bthe
's the Landefactor (g=2 in the following, x(Q) is the o /" onF2(Q) is +0.12. For largerQ, at the highest

Q-dependent static susceptibility per Mn atof(Q) is the temperature, the coherent nuclear scattering contributes to

magnetic form factor, i.e., the Fourier transform of the mag-the measured differential scattering cross section because of
netization density on the Mn atom normalized to 1 wii@n Y

tends to 0, and the other symbols have their usual meaninggg E);Nm% r:ﬁglluézgncgatgi 7?%;'?5;;“;?5&5;215;“%?
In the single ion limit, correlations between magnetic mo- y b !

. e ; 0.2<Q=0.7 A1, using the D4B data. The obtain&d(Q)
ments are negligible; the susceptibility is thénhindepen- o ;
dent andX(Q)gz%((Q=0):X/(cl\FI)a) Wﬁerex?\g the Eulk value clearly decreases with increasig F2(Q)=0.92 at

X / Q=0.2 AA™ %, to be compared to 0.77 &=0.7 A%
susceptibility per mole given by (This latter value differs from that found in Fig. 9 for the

7C2 data, which may be ascribed either to uncertainties in

S(S+1) the signal treatment or t light | ition differ-
— 2 2 — gnal treatment or to a slight sample compaosition difrer
x=cg ,LLBNa—SkBT CIT, (5.2 ence)

V. DATA ANALYSIS

wherer,=—0.54x<10 12 cm, ¢ is the Mn concentratiorngy
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0.35 ————— T +1) values found above must be considered as the largest
- (a) Al72.1Pd20.7Mn7.2 1 possible values in a Curie model.

0.30 T The agreement between the spin values deduced from sus-
- [ ] ceptibility and paramagnetic scattering data was obtained by
~025] 1 introducing strikingly small values of the magnetic form fac-
c'}') 0.20'_ A (b) Al77Pd1gMns | tor. FoEl comparison, 2for a I\/Fﬁ_lfree 42i0n, F2(Q
D | ] =0.7 A"1)=0.93 and F?(Q=0.2 A 1)=1.* However,
0015} J these values are compatible with tige dependence of the

| A ] paramagnetic scattering measured with polarized neutrons
010} WW;;;I;?:PZ:‘::&S . which, despite the experimental uncertainties, clearly differs
- A : from that of the MA* magnetic form factor: see Fig(®

. e — where the right vertical axis proposes a normalization of the
1100 1150 1200 1250 1300 1350 data to 1 at smal). These observations raise doubts about

T (K) our previous assumption of a single-ion behavior in Al-
Pd-Mn liquids at 1170 K. One must consider either magnetic
FIG. 9. Temperature dependence @§(S+1) in liquid Al-  correlations leading to @-dependent static susceptibility, an

Pd-Mn alloys[samplega), (b), and(d)]. The values deduced from anomalous magnetic form factor, or both effects. The con-
the susceptibility datépresented in Fig. 6 using a Curie model,  tinyous decrease ¢?(Q=0.7 A~') when the Mn concen-

are shown by open symbol&he solid Il_nes are guides to the eye. tration increases, deduced from the comparison between neu-
The error bars are smaller than the size of the symbols.cH{8& tron and susceptibility data, would rather suggest the

+1) values deduced from the differential paramagnetic scattering,,qressive establishment of magnetic correlations. Indeed
cross section, at a fixe@ value (equal to 0.7 A1), are shown by the F2(Q=0.7 A1) value for sample(d) is compatible

full symbols. For each sample, the squared magnetic form factor . T -
has been adjusted so that the both sets of data coinBit@ with that for a free MA" ion. In the presence of correlations,

=0.07 A"1)=0.65 in samplga), 0.76 in samplgb), and 0.83 in Eag. (5.3 is no Ionger.valid and Eq(5.1) should be used
sample(d). m;tgad. Then th_e scaling factor betheen neutron and suscep-
tibility data is no longer F<(Q) but rather
F2(Q)x(Q)/x(Q=0).*® It may seem surprising to observe

In conclusion the good agreement found between suscepnagnetic correlations in liquid alloys at 1170 K. We also
tibility and paramagnetic scattering data within a Curiejnvestigated with the same experimental setup a solid
model shows that both the temperature dependence of th@u,gMn,, alloy as a reference systeiRef. 39. At 1180 K in
susceptibility and that of the paramagnetic scattering in thehe solid state, similar deviations from the single-ion mag-
liquid state of Al-Pd-Mn alloys can be ascribed to a continu-netic form factor were observed, which probably result from
ous increase ot §(S+1) when the temperature increases.the presence of strong competing magnetic interactions in
Several features can be pointed diit.At a given tempera- this alloy which incidentally gives rise to a spin glass tran-
ture, the spin value is independent ofand thecS(S+1)  sition at low temperature.
value is much smaller than the one obtained assuming that
all the Mn atoms have a spf&=>5/2. (ii) In the temperature ) ) o
range[1180-1280 K, where the comparison between sus- B. Local order in the solid and liquid states
ceptibility and paramagnetic scattering data could be per- The great similarity found between the structure factor of
formed, the increase &(S+ 1) with temperature is approxi- the liquid Al-Pd-Mn alloys and the diffraction spectrum in
mately linear:S(S+1) is equal to 3.20.2 at 1180 K and to  the solid quasicrystalline phase led us to assume the presence
3.8+0.2 at 1280 K. However, from the paramagnetic neu-of a strong local icosahedral order in the liquids. In order to
tron scattering data on sampl@ (Fig. 5), it seems that the ascertain this hypothesis, we try in this section to analyze
slope of this variation decreases at higher tempera®(®: more quantitatively the liquid structure factor. Molecular dy-
+1) is equal to 5.68:0.4 at 1923 K({iii) In several metallic namics is certainly the most powerful tool for determining
liquid alloys containing 8 transition-metal impurities, de- liquid structures provided that the interaction potentials are
partures from a simple Curie law were observed and deknown. It has been applied to a closely related liquid alloy
scribed by writingxy=C/(T+®), where ® is a pseudo- AlgiMn,,in Ref. 16. An analysis of the coordination poly-
Curie-Weiss temperature empirically introduced to accounhedra does show the presence of local icosahedral order but
for Kondo effects" Good agreement between neutron andwithout distinguishing between Al and Mn atoms. Here we
susceptibility data could still be obtained in the temperaturewill use simpler methods and show that the hypothesis of the
range[1180—-1280 K with ®~300 K but the smalF?(Q) presence of a strong icosahedral local order can at least be
values obtained seem unreasonable. Thus in the followingested from theoretical considerations and from simulations
we will consider only a Curie lawiv) We did not consider of the measured structure factors at laf@e
above the possible contribution to the Pauli susceptibility of First we compare the measured structure factors in the
Mn d states at the Fermi level. Such a contribution is ex-solid and in the liquid with the predictions of Sachdev and
pected to increase linearly with the Mn content and thereforéNelson(Ref. 2 who described the structure factor of metallic
cannot be separated from the Curie contribution. In a virtuafjlasses or supercooled liquids within a Landau theory, start-
bound state pictur®, the d density of states &g is zero if  ing from an ideal icosahedral crystal imbedded in the surface
the spin is equal to its maximum value 5/2, but this is noof a four-dimensional4D) sphere. These authors established
longer true if the spin value is reduced. Hence t®&S  that the existence of short-range icosahedral order in 3D pro-
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duces broadened peaks of the structure factor at characteris- 2.0 T T T T T r
tic positionsQ,, Qg, andQ¢ linked by Qg/Q,=1.707 and I
Qc/Qa=2.04. In the diffraction spectrum of the icosahedral
phase, four intense Bragg peak®q Qi, Q,, Qs3) [with

indices respectively given b§/3,0/0,1/2, (2/4,0/0,0/Q, (4/
6,0/0,0/0, and(4/6,0/0,2/4 in the indexing scheme proposed O
by Cahnet al*] can be easily identifiefiFig. 1(a)]. They @D
obey the relationsQ;=1.052),, Q,=1.701Q,, and Q; 1.0
=2.00Q, with Qo= 2.9952r/agy Whereagp is the 6D pa-

rameter of the icosahedral phase. Then comparing the solid

and liquid structure factors of the AlPd,, Mn5, alloy !
[Figs. Xa) and 2, it is clear that the first peak of the liquid 0.5 : : ' : :

structure corresponds Q, and Q,, while the second peak 0 4 6 . 8 10 12 14

and its shoulder are directly related@ and Q5. Then, by Q (A'1)

identifying Qg to Q4, Q, to Qg, and Q3 to Qc, as pro-

posed in Ref. 3, it appears that the Sachdev and Nelson FIG. 10. Comparison of the measured structure factor at 1223 K
analysis perfectly accounts for the liquid structure factor of(dots in Al7; Pty Mn-, with the results of a hard sphere simula-
Al Pdyo Mn; , above the melting point. The very similar tion. The_paranjeters of the simulatidsee text were chosen in
structure factors of Ak Pd,gMn s and Al,, Pdig Mns liquid ~ ©rder to fit the first peak.

alloys can be described in the same way, although the Brag

peaks corresponding to the Sachdev and Nelson maxima a e to determine the structure and the chemistry of the clus-
less well defined in the solid alloys which consist mainly of ter but indicates whether a given cluster model is compatible

the ¢ approximant phas¥. The same conclusion was pre- with the data or not by comparing at lar@ethe calculated
viously drawn from the analysis of the liquid structure factor Structure factofusing Eq.(AZ_)] to_the measured One',lP the
of liquid AlggMn,, alloy in Ref. 15. However, the analysis Q range where t_he comparison 1S done (4@=16 A%,
was less convincing than in the present case because rtllae pgramagnetlc contribution is ze(ec. IVQ and the
structure factor in the solid state was measured. The exise_xperlmental structure factt,{(Q) can be compared to the
tence of a shoulder on the second peak of the structure factél?eorencal one.

was also found in a slightly different approach by Sadoc Because of the similarity between local order in the icosa-

et al*® who computed the structure factor of dense randordredral solid and in the liquid, the choice of the cluster was
packings of hard spheres with fivefold local Symmetry_gwded by the structural description of several Al-NRef.

Hence, it is likely that in Al-Pd-Mn liquids, the existence of 50) and AI—Pd—Mn(Reg 1deapprox|imant phasehs. A cI_uster
a shoulder in the second peak of the structure factor jus‘i"c 1 Mn atom surrounded by 12 Al atoms on the vertices of

above the melting temperature is related to the packing o‘?‘rl' |cosa}hedron |s”_a major cogstltuebnt gf th‘?;'e dphases.(;l’he
entities with local icosahedral order. In such a case, the prd~l12 Mn intermetallic compound can be described as a body-

gressive attenuation of this shoulder, when temperature ifc€ntéred cubic packing of these icosahedral clusters. Even

creases in the liquid stateee Fig. 4 should result from a COMPIex structures, such asAl, Mn, can be described in
progressive destruction either of the packimgedium dis- terms of these icosahedra. In this latter case the icosahedra

tance rangk of the icosahedral local order, or both. are linked in different ways, or interpenetrate, resulting in a

The above approach remains qualitative. In order to trySubstitution by Mn atoms of 1 or 2 Al on the icosahedral
more quantitative analyses of the liquid structure factor, wesh€ll- In theé” Al-Pd-Mn approximant there are two Mn

first examined hard sphere models. The simulation shown i§it€S: One is surrounded by 12 Al at the vertices of an icosa-
Fig. 10 follows the Ashcroft and Langreth derivation of the hedron and the other one is surrounded by a disordered first

Percus-Yevick equation for a binary mixtdfend the ter- shell of approximately 11 Al and a second shell defined as a

nary liquid is assumed to be a pseudobinary system consterfect Pd icosahedrofiRef. 19. Note that similar clusters
tuted of mean “Al-Pd” atoms and Mn atoms. The hard coresha"e also been identified in the icosahedral Al-Pd-Mn qua-

(2.31 A for “Al-Pd” and 2.26 A for Mn) and the packing Sicrystal(Ref. 9.
fraction (0.413 are chosen in order to fit the first peak of the e first tried to simulate the measured structure factor of
structure factor. It is clear that a hard sphere model is unabl@@MPle(@ (Al72PdhoMn7 ) at 1223 K by assuming the

to account for the positions and intensities of the oscillationgresénce of AbMn icosahedra. Taking the alloy composi-
of the structure factor at largep. tion into account and assuming that all the Al atoms form

Although simulations of the measured structure factors iic0Sahedra, only 78% of all the atortsnd 83% of the Mn

the wholeQ range are a very complex task, an analysis ofatoms can pe included in such clusters. The paramgters are
the structure factor at larg® is possible under several con- e mean distance from the center to a vertex of the icosahe-
ditions and indeed brings very interesting information on thedron2(<ro>) and the mean thermal variation of this distance
local order. The principle of the method, initially introduced ((9r))- The three other distances within the icosahedron are
to describe molecular solid-5%is explained in the Appen- (r1)=1.051%ro), (r;)=1.7013ro), (r3)=2(ro) [see the

dix. Its application to liquid Al-Pd-Mn alloys implies that a inset of Fig. 11b)]. We assumed that the mean ther-
cluster can be defined in the liquid and that the atoms withiinal variations of these distance&sr?) are equal to

the cluster are more rigidly bound together than to othef or3)({r;}/{ro))2>* The structure factor calculated with
atoms in the system. Note that this method does not allowr,)=2.44 A and(r3)=0.046 A is drawn in Fig. 11a). It

Al72.1Pd20.7Mn7.2

151 1223 K ]
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' of adjustable parameters in such a model. For sam(tles
and (d), with lower Mn content, good descriptions of the
experimental structure factors measured can be obtained as-
suming that some of the plicosahedra are centered on Al
or Pd atoms(Considering only icosahedra centered on Mn
atoms leads to a too small proportion of atoms in clusters.
Al icosahedra centered on a Pd atom are indeed found in the
orthorhombic A} Pd phas&Ref. 29.

In order to determine in whicl) range the comparison of
the calculated and measured structure factors is really mean-
ingful, we have calculated the Debye-Waller factors at 1223
K for the four pair distances in the AMn icosahedrorisee
Fig. 11(b)]. ForQ=8 A~ Debye-Waller factors related to
the two shortest distances,) and(r,) appear to be the
: ‘ leading contribution. Then the good agreement found be-

ve e BQ (;_1;0 1z 13 14 tween the simulation and the data fgr=8 A~! demon-
strates that other short distances in the systestween clus-

FIG. 11. (a): Comparison forQ=4.5 AL of the measured t€r9 do not play an important role. This means that the
structure factor at 1223 K in A} Pdy Mn,, (dot9 with the cal-  Debye-Waller factors corresponding to intercluster distances
culated structure factor assuming;Afn icosahedrathick solid ~ are more rapidly damped whéd increases than those cor-
line) and (Al 77Pdh 229 1,Mn icosahedrdthin solid ling: see text.  responding to intracluster distances and justifiesposte-

(b) Q dependence of the Debye-Waller factors for the four pairriori, the assumption of clusters where the atoms are rigidly
distances within the AlMn icosahedron[(ro)=2.44 A, (&r3) bound together. In addition, th@sr3) value deduced from
=0.046 & and(orf)=(8rg)((r)/(ro))?l- the simulations at 1223 K are roughly compatible with the
averaged mean thermal variation of atomic positions in the
well describes the measured data@=7 A~'. The found ¢’ approximant phase at 300 K.
agreement is very sensitive to th)) value which is there- Because of the similarity found between the oscillations
fore accurately determined=0.03 A). It is interesting to  of the structure factor at larg@ in the solid and liquid states,
note that the Al-Mn distance within the icosahedron deducedt seems quite natural to assume that the short-range order in
from the simulatior(2.44 A) is very close to the short Al-Mn  the liquid is based on the icosahedral clusters found in the
distances observed in thg structure(2.49 A) in Ref. 19.  solid. Nevertheless we have tried simulations based on other
Simulations assuming a lower proportion of icosahdima  kinds of densely packed clusters of 13 atofwih the coor-
volving less than 70% of the atopare unable to account for dination polyhedra of the fcc or hep latticéit low tempera-
the amplitude of the oscillations of the structure factor atture such simulations clearly differ from those obtained as-
largeQ. Although the above analysis can fairly well accountsuming icosahedral clusters, as previously shown in Ref. 48.
for the measured data at lar@e a weak point of the simu- At 1170 K these differences are strongly reduced at l&yge
lation of the structure factors by AIMn icosahedra is to because of the Debye-Waller effect. However, the hypothesis
exclude Pd atoms. Thus we also tried to simulate the struosf an icosahedral cluster provides the best simulation in the
ture factor of sampléa) by assuming that all the Mn atoms mediumQ range (4.5Q<7 A™1).
are at the center of (k7 2,912 icosahedra. The relative In summary the measured structure factors in Al-Pd-Mn
proportion of Al and Pd atoms in the icosahedron is chosemlloys are compatible with the presence of a strong local
to match the alloy composition. In this hypothesis 94% of theicosahedral order in the liquid state, reminiscent of that in the
atoms belong to clusters. A good simulation of the data isolid. The best results are obtained when a large proportion
obtained with the samg@ o) value and a slightly larggfor3)  of the atoms belong to icosahedral clusters. The rigid binding
value (0.073 A&) than for the A|,Mn icosahedron. Indeed of atoms within the clusters is suggested by two featuiies:
the two simulations are nearly indiscernible in tBerange  the Debye-Waller factor in the liquid is related to that in an
[7-16 A" 1] [see Fig. 118)]. In theQ range[4.5-7 A ] the  approximant phase(ji) the pair distances in the liquid are
agreement is slightly better for the Al-Pd icosahedron. How-very close to those in solids.
ever, in thisQ range, intercluster terms may also contribute
to the measured structure factor and make it difficult to dis-
criminate between different hypothesis for the intracluster
contribution. However, one should emphasize that such a The results presented above imply that liquid Al-Pd-Mn
Al-Pd cluster is not encountered in approximant phases. Alloys in equilibrium with quasicrystalline or approximant
better way to include the Pd atoms is perhaps to assume thphases exhibit remarkable magnetic and structural properties.
all the Mn atoms are embedded in;AMn icosahedra and First, magnetic localized moments on Mn atoms exist in the
that some of these icosahedra are surrounded by a secohquid state. Although th€ dependence of the paramagnetic
icosahedral shell made of Pd atoms, as observed irfthe scattering suggests the presence of Mn-Mn correlations, a
Al-Pd-Mn approximant. We checked that adding a Pd icosadilute alloy picture seems to be valid as a first approximation
hedron around the A4 Mn icosahedron does not modify the because, at a given temperature, the susceptibility increases
general trends of the calculated structure factor. We did ndinearily with the Mn concentration and tends towards the
try a simulation of the data because of the too large numbesusceptibility of the Al-Pd matrix when the Mn concentra-

11 (a); Al721Pd207Mn72 |
' 1223K

VI. DISCUSSION
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tion tends to zero. Secondly, as shown in Sec. V A, at anyAl-Pd-Mn alloys gives more evidence that most of the Mn
fixed temperature, the same spin vafijéndependent of the atoms bear no localized magnetic moment, because the Mn
Mn content, is drawn in a simple Curie model from the sus-nuclei located on the site of a magnetic moment cannot be
ceptibility and the paramagnetic scattering data, althouglletected. Therefore, magnetism in the solid Al-Pd-Mn qua-
their temperature dependence is in obvious contradictiogicrystals concerns only a small fraction of the Mn sites,
with the Curie model. This shows that the continuous in-whereas in the liquid all, or at least a large proportion of the
crease of the susceptibility and of the paramagnetic scattein sites, are concerned. The jump in the susceptibility at the
ing with temperature in the liquid state have the same origifmelting point is thus the direct consequence of the formation
and must be ascribed to a continuous increase oE®(&  of moments in the liquid. A similar temperature dependence
+1) value with temperature. Schematically two kinds of hy-of the susceptibility has previously been observed when
pothesis might be considered. First, if all the Mn atoms arenelting AlgsCu,qCo,5 and ALNi;<Co;s decagonal phasés.
magnetic afT_, as implicitly assumed up to now, the only |n the absence of data on other samples with different Co
possible explanation is an increase of the spin value witfltompositions or of neutron scattering data, an abrupt change
temperature in the liquid state. Within this hypothesis, theof the Pauli susceptibility upon melting could be proposed.
spin value at 1180 K (1.360.05) is indeed much smaller However, in view of the similarity between these data and
than its maximal possible valu¢s/2) and reaches 1.91 ours, the hypothesis of magnetic moments on Co atoms in
=0.09 at 1923 K. Secondly, if only a fraction of the Mn the liquid should also be considered.
atoms are magnetic at the melting temperaflire one can Then one must wonder why liquids are magnetic and why
consider an increase in the proportion of magnetic atomsnis magnetism disappears in the solid state. In the solid, the
when the temperature increases, in addition to the possibigseudogap andp—d hybridizatiorf* could play an impor-
increase of their spin value. Let be the concentration of tant role in preventing the formation of a localized moment.
magnetic Mn. One consequence of the linear increasg of However, considerations of Mn-Mn nearest distances in the
with the total Mn concentration is that the ratid/c mustbe  solid are also important. From the analysis of the Mn-Mn
independent of. The comparison between neutron and susinteraction potentials, it seems that the appearance of a mag-
ceptibility data performed in Sec. V A remains unchangednetic moment is quite unfavorable for several Mn-Mn dis-
as long as we assume that all the magnetic Mn atoms conances(Ref. 22 which are the preferred ones in most solid
tribute equally to the magnetic scattering, and allows one t@hases® Thus the effect of melting would schematically be
determinec*S(S+1). The minimum value ofc*/c, ob-  twofold. First the pseudogap is attenuated in the liquid, al-
tained by assumin§=>5/2, is of the order of 0.35 at 1180 K though probably not completely erased. Secondly several
and 0.65 at 1923 K(lf the spin value is smaller, thect/c Mn-Mn distances, for which the formation of a magnetic
increasep moment is favorable, can occur. At this stage it would be
Before reviewing the implications of both these hypoth-worth knowing whether dilute Mn atoms in a fcc Al matrix
eses let us first make a few comments on magnetism in thare magnetic or not. Although contradictory answers are
liquid and solid states of Al-Pd-Mn alloys. First it seems thatfound in the literature, it seems that such Mn atoms are mag-
the Pd atoms do not play an important role. Indeed the magaetic, this magnetism being possibly attenuated by a Kondo
netic susceptibilities measured in Al-Pd-Mn alloys are veryeffect (see Ref. 60, and references thejeln the liquid,ab
close to values found in dilute liquid fdy-. Mn; alloys initio calculations of several A}s_Mn. alloys (with 14
with ¢<5,%° where a linear dependence pfupon the Mn  <c=<40) have predicted the occurrence of magnetic mo-
concentration has also been observed. Moreover in liquighents ascribed to topological disorder in the ligtfiidThe
Al190-Mn¢, the susceptibility also increases with tempera-moment magnitude 3;8g (corresponding to a spin valug
ture in the liquid state. It is striking to notice that among the=1.65, assumingy=2) is compatible with the values that
many studied metallic liquid hosts containing Mn atomswe found in Al-Pd-Mn alloys. However, because of the ex-
(Ref. 44, this strange behavior is observed only intreme sensitivity of magnetism to the local structure, this
Alg0-cMn.. The presence of paramagnetic scattering in theagreement must be considered as only a good hint. A quan-
liquid AlggMn,g alloy above its melting point was suggested titative comparison of these theoretical predictions with our
in Ref. 15 but no study of its temperature dependence waresults is not really meaningful because it is unclear whether
performed. Secondly, the solid Al-Pd-Mn phases with simi-the liquid structure used to calculate the electronic properties
lar compositions are found either to be nonmagnetic or tan Ref. 61 can describe the Al-Pd-Mn liquid alloys studied
exhibit only small Curie terms. Here the term “nonmag- here which have a much smaller Mn content. However, it is
netic” means that no Curie behavior is detected and that thenteresting to note that the moment found in the simulations
measured susceptibiliisum of the conduction electron and decreases with the Mn content and that Mn-Mn interactions
Larmor contributions is temperature independeriapart are detected in Al-Mn liquids. This observation could be
from a possibleT? term due to the presence of a pseudogapelated to the anomaloud dependence of the paramagnetic
at the Fermi level, see Sec. I)BWe measured a single scattering in A}, ; Pdyy;Mn;,at 1170 K.
crystal of the approximarg’ phase and found that it is non- Let us now discuss the possible origin of the continuous
magnetic. Curie terms have been reported in quasicrystallinecrease of magnetism with the temperature, in relation to
Al-Pd-Mn phases$®°® The Curie constan€ increases very the evolution of the liquid structure. One must first discuss
rapidly when the Mn content increases but even in the mor¢ghe consequences of thermal expansion which indeed could
concentrated alloys; remains small and only a few percent lead to an increase of the spin value. Results can be found in
of all Mn atoms bear a moment. Moreover the observation othe literature for the case of Fe embedded in an Al cliéter.
a Mn nuclear magnetic resonance sighal quasicrystalline The magnetic moment on Fe, absent for Fe-Al distances
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shorter than the critical threshold, appears at the thresholgau for reconstructing and improving the D4B high-
and then continues to increase with the Fe-Al distance. Imemperature furnace and for his faithful assistance during the
this latter regime, a relative distance change of 0(@#ich  neutron experiments at D4B, Dr. O. Sepfaand Dr. K.
could be expected in liquid Al-Pd-Mn alloys when tempera- Andersen for their help during the experiments on D7. This
ture increases from 1180 to 1280 K, using the thermal eXwork has benefited from many fruitful discussions with Dr. J.
pansion of A), would cause a relative increase of the spingjétry on local order, and with Dr. G. Trambly de Laissar-

value of 3%. As the observed relative increase of the spiRjigre and Dr. I. A. Campbell on the origin of magnetism in
value is 11%, it seems unlikely that it would be entirely liquid and solid Al-Pd-Mn alloys.

caused by a thermal expansion effect and modifications of

the liquid structure should be envisaged. Calculations of the

magnetic moment of a Mn atom in an Al matrix as a function APPENDIX: NEUTRON SCATTERING
of the Al-Mn distance would, of course, be necessary to bet- BY A MOLECULAR SYSTEM

ter estimate the consequences of thermal expansion. In addi- \ye reca| here the main results for neutron scattering by a
tion, it seems that the density change on melting is not suf-

ficient to trigger the appearance of a magnetic moment in thgystem ofN particles constituted diiy, identical molecules,

liquid (its amplitude is probably too small and moreovereach molecule contalnlngl'at atoms(Rgfs. 51._.53 Let us,
such an effect would imply that the critical Al-Mn distance assume th?‘t one can split _the atomic position f_Iuctuat|ons
for the formation of a moment is exactly met on melting around their mean values into tra_nslatlonal motion of_ the
which seems quite unlikely Dilatation would be the only molecular cen'Fer of mass around |.ts mean value and intra-
possible origin of a continuous increase fif all the Mn~ Molecular motions. Then one can introduce exp{V), the
were magnetic af, and if the liquid structure was tempera- Debye-Waller factor relative to the motion of the center of
ture independent. However, in the case of nonhomogeneotBass of the molecule, and expgW), the Debye-Waller
magnetism, another possibility is that the fraction of mag-factor corresponding to the thermal changésr(;)) of the
netic Mn atoms(i.e., ¢*/c) increases with temperature be- distancer,, between atom& and| belonging to the same
cause of modifications of the liquid structure. In this frame-molecule, due to the internal motions of the molecule. In the
work, the simplest hypothesis is to assume that a Mn atorharmonic approximation &=3Q?(é6rZ). (In order to
with a local environment close to that in the solid remainscompare this expression with the usual Debye-Waller factors
nonmagnetic in the liquid just abovig . This could be the in atomic systems one should consider that for first neighbors
case of Mn atoms embedded in an Al icosahedron, while M sr2)) is equal to(u?)+(u?), where(u?) and(u?) are the
atoms in another environment would be magnetic. In thismean thermal fluctuation of tHeth andlth atom positions,
framework one must in addition assume that clusters are Prqespectively. For large enouglQ, exp(—2W) is vanishing,
gressively destroyed with increasing temperature. Howeveiyhile exp(—2W,) remains finite because the atoms within
this hypothesis requires that at least 35% of the Mn atomghe molecule are rigidly bound together while the molecules
are magnetigwith S=5/2) atT, and is not in good agree- are only weakly coupled. Therefore the differential scattering
ment with the results of the simulations of the structure facctross section per atordo/dQ reduces at large) to the

tor at largeQ which rather suggest that most of the Mn intramolecular contribution which is equal k,(F?(Q))/N,
atoms are embedded in Alicosahedra. Another hypothesis where(F(Q)) is the molecular form factor and the brackets
is to consider dynamical fluctuations of the clusters aroun%tand for the thermodynamic average. For identical quasi_

their mean equilibrium shape. In this latter case a given Mrspherical molecules, or molecules with random orientation,
atom within an icosahedral shell could change from a mag¢F2(Q)) is given by(Ref. 53

netic to a nonmagnetic state as a function of time. The only

requirement would be that a magnetic Mn must survive for a Nat —sin(Q(ry))

time long enough to be observed by neutron scattering. Thus  (F4(Q))= >, k D——=———exp(—2W,)

it is difficult to conclude as both short- and medium-range kil=1(k#1) Q(ri)

orders are important for magnetism. Accurate simulations on Nt _ Na gk

realistic liquid models would be one way to validate this +2 b2+ 4'”°, (A1)
k=1 =1 4m

hypothesis on the existence of magnetic and nonmagnetic

Mn in liquid Al-Pd-Mn alloys. . :
In conclusion we think that a strong local icosahedral Or_where(rk,> is the average value of the distance between

der exists in liquid Al-Pd-Mn alloys and is probably deter- 2omsk and! ‘Q’ithin the moleculepy is the mean scattering
minant to understand their magnetic properties. The fact thdgndth, andoi,; the incoherent cross section of atokn
clusters existing in crystalline approximant phases subsist ilence, at large Q, the structure factor S(Q)
the liquid state suggests a high stability of these clusters as[4m(do/dQ) - o1/(4m(b?) (where(b?)=Xc;b;* and
indeed found in calculations of isolated ,AMn clusters’®  o=ZXcjol,, ¢; is the concentration of thgth element in
Modifications in the liquid structure as a function of tem- the systemis given by

perature, such as changing Mn environments, give the most Nt .

likely explanation for the temperature-dependent magnetic S(Q)—1= _k_lw

properties of liquid Al-Pd-Mn alloys. Naf b%) klI=T(k=1) Q(ria)
ACKNOWLEDGMENTS X exp—2W). (A2)

We thank J. P. Ambroise for designing the experimentalThis formalism has been successfully applied to molecular
setup for neutron scattering on the 7C2 spectrometer, P. Padystems in Refs. 52,53. Here we used it in Sec. V B to de-
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scribe the highQ-range part of the structure factor of liquid
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ism the chemical composition of the molecule and that of the

Al-Pd-Mn alloys, assuming the existence of well-definedsystem are identical and that all the atoms belong to mol-

clusters in the liquid. One requirement is that clusters have
lifetime 7, compatible with thermal neutron scatterifice.,
=101 5). Another requirement is that atoms within the

acules N=N,N,). In the case of Al-Pd-Mn alloys, this re-
quirement is not necessarily fulfilled by the clusters, and a
multiplicative factor N,,N,/N must be introduced in Eq.

clusters are much more rigidly bound together than to atomga2).
belonging to other clusters. Note that in the previous formal
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