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Local order in liquids forming quasicrystals and approximant phases
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Neutron-scattering experiments were performed on liquid Al88.5(MnxCr12x)11.5 alloys (0<x<1), giving
rise to equilibria withm phase compounds whose structure is closely related to those of quasicrystalline phases.
Assuming a Mn/Cr isomorphic substitution like the one existing in them phase, partial pair structure factors
and corresponding correlation functions were determined in these liquids. The results show a strong~Mn-
Cr!-Al chemical order where the average first coordination shell around transition-metal atoms appears to be in
agreement with an icosahedral local order. Simulations based on liquid models containing icosahedral clusters
like those existing in many Al-Mn-Cr intermetallic structures are found to reproduce the liquid total structure
factors measured at large momentum transfer where the influence of local order is preponderant. Information
on icosahedral local order is also obtained when such a simulation method is applied to other liquid alloys,
Al92.3Mn7.7, Al81Pd19, and Al72.1Pd20.7Mn7.2, giving rise to approximant or quasicrystalline phases, but in
which partial functions are not determined.

DOI: 10.1103/PhysRevB.65.024203 PACS number~s!: 61.20.2p, 61.12.2q, 61.25.Mv
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I. INTRODUCTION

It is generally assumed that phenomena such as am
phous state formation, undercooling effects, or the solidifi
tion of metastable and stable phases of primary crystall
tion depend on the nature of the local order in liquid phas
For instance, if a high solid-liquid interfacial energy~or a
high activation threshold for nucleation! must be invoked in
the case of deeply undercooled metallic melts, the reason
this could be the existence in undercooled melts of energ
cally favorable clusters whose structure is not compat
with the translational invariance of crystals~see, for instance
the recent review article by Holland-Moritz1!. The idea that
structures of undercooled liquid metals could be based
packings of icosahedral units constituted of 13 atoms w
first suggested by Franck.2 The reasons given by this autho
were twofold:~i! A periodic crystal with the symmetry of a
regular icosahedron is excluded as the icosahedral p
group is noncrystallographic.~ii ! Assuming a Lennard-Jone
potential for atomic interactions, an icosahedral cluster of
atoms has a lower energy per atom than that of a clo
packed cluster of 13 atoms compatible with either fcc or h
crystalline structures. Although any experimental result
the local order of undercooled bulk metallic melt has n
been obtained so far,1 a development of an icosahedral loc
order increasing with the undercooling temperature depth
the melt was found by molecular dynamics simulations
Lennard-Jones liquids.3,4

However, with the discovery by Shechtmanet al.5 of qua-
siperiodic structures with icosahedral symmetry, new qu
tions have arisen about the relationship between short-ra
order in liquid alloys and long-range icosahedral order in t
state of matter. In particular, one can ask whether a liq
and a quasicrystalline solid exhibit similar local orders wh
they are in equilibrium, and what the relation with unde
cooling effects is in this case. Let us recall that seve
authors6,7 first attempted to describe a quasicrystalline st
0163-1829/2001/65~2!/024203~11!/$20.00 65 0242
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by icosahedral glass models, because the first samples
pared by Shechtmanet al.5 were obtained as metastab
phases by melt spinning liquid Al-Mn and Al-Cr alloys. I
these models, it was assumed that liquids forming quasic
tals exhibit a strong icosahedral local order well above th
melting point. These models were progressively abando
when stable quasicrystalline phases, exhibiting diffraction
flections as narrow as those of periodic crystals of very go
quality, were found in different ternary alloys~e.g., Al-Fe-
Cu, Al-Pd-Mn, and Mg-Zn-Y!. Nevertheless, it seems sti
reasonable to assume an icosahedral local order in the c
sponding equilibrium liquid phases, as the long-range or
in quasicrystals might precisely be a consequence of su
local order.

Indeed, the results of neutron-scattering studies by Ma
and co-workers on liquid Al80Mn20 ~Refs. 8 and 9! and
Al71Pd19Mn10 ~Ref. 10! alloys, with compositions close to
those of icosahedral phases, were interpreted by molec
dynamics simulations11 as being characteristic of the pre
ence of icosahedral local order in liquid alloys above th
melting point. We also carried out neutron scattering stud
on liquid Al-Pd-Mn alloys with Mn contents between 3.5 an
7.2 at. %.12,13 But, at variance with the samples studied
Maret and co-workers,8–10 the sample compositions wer
chosen such that the liquid can reach a thermodynam
equilibrium upon cooling with the icosahedral quasicrystal
an approximant phase presenting icosahedral local ord14

The presence of a strong icosahedral local order in the liq
state could be suggested from the overall similarity obser
between the structure factors of liquids and equilibrium so
phases, and on the basis of theoretical predictions of Sach
and Nelson.15,16 This conclusion was also upheld by simul
tions of the structure factor at large momentum transfers~Q!
using a liquid model of icosahedral clusters. In additio
from these neutron-scattering measurements at low mom
tum transfer combined with susceptibility measurements
additional polarized neutron-scattering experiments, it w
©2001 The American Physical Society03-1
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established that magnetic moments appear on melting on
atoms which are nonmagnetic in the solid,12,13 the paramag-
netism continuing to increase with temperature in the liq
state. The origin of this behavior was discussed in relation
an evolution of the local icosahedral order in the liquid wh
the temperature increases.13 However, simulations at large
momentum transfers are not sufficient to ascertain what t
of local order occurs in ternary alloys. A determination of t
partial distribution functions is necessary for a better char
terization of the local order in these liquid alloys, and of
link with magnetism.

Although partial distribution functions were already dete
mined in liquid Al-Mn-~Fe-Cr! and Al-Pd-Mn-~Fe-Cr!
alloys,8–10 assuming that a substitution of Mn atoms by
~Fe-Cr! atomic mixture is isomorphic, we have obtaine
evidences17–19 that it could be more readily achieved an
ascertained in liquid Al88.5(MnxCr12x)11.5 alloys. In a previ-
ous work, we showed that a liquid-mAl80.5(MnyCr12y)19.5
phase equilibrium exists with a complete Mn/Cr substitut
range in them structure. These liquids can be considered
ideal for neutron-scattering studies for several reasons~i!
The Mn/Cr substitution in them structure is isomorphic,17,19

which therefore yields a convincing argument for inferri
that an isomorphic substitution occurs as well in the equi
rium liquid phase.~ii ! Important neutron-scattering contra
effects are expected, allowing an accurate determinatio
partial distribution functions, as the neutron scatter
lengths of Cr and Mn are very different~of opposite sign!.20

~iii ! The chemical composition of bothmAl4Mn andmAl4Cr
compounds correspond to those of metastable icosahe
phases.21 ~iv! The m phase is an approximant structure
icosahedral phases and exhibits an icosahedral local o
around its transition metal atoms.22 ~v! The magnetic prop-
erties of Al88.5Mn11.5 and Al88.5Cr11.5 liquid alloys, probed by
susceptibility measurements,23 are very similar to those o
Al-Pd-Mn liquids.13

We have therefore performed neutron-scattering exp
ments on a set of Al88.5(MnxCr12x)11.5 liquids with x51,
0.745, 0.494, 0.246, and 0. Experimental results are
sented in Sec. II. A preliminary report on these results can
found in Ref. 24. Partial distribution functions are dete
mined using the formalism of Faber and Ziman25 and Bhatia
and Thornton26 ~Sec. III!. An analysis of the total structur
factor based on a local icosahedral order in the liquid stat
also proposed from simulations at large momentum trans
~Sec. IV!. An excellent agreement is found between the
two analyses which allows one to establish the existenc
an icosahedral local order in Al88.5(MnxCr12x)11.5 liquids,
and which validates the use of a simulation of the struct
factor at largeQ to probe the local order. We then apply su
simulations to several other liquids, in equilibrium with a
proximant and quasicrystalline phases, for which par
functions were not determined. We study a liquid Al92.3Mn7.7
whose stoechiometry could accommodate Al icosahe
clusters centered on Mn atoms. The primary crystallizat
of this liquid is themAl80.5Mn19.5 phase. Another interestin
feature of this alloy is that its Mn content is close to that
Al72.1Pd20.7Mn7.2 liquid, previously studied13 and used for the
growth of large icosahedral single crystals. In order to clar
02420
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the role of Pd atoms in this latter alloy, we also studied
Al81Pd19 liquid alloy. The product of primary crystallization
of the Al81Pd19 liquid is the orthorhombic phase o-Al3Pd,27

almost isomorphous to the approximantj8-AlPdMn phase.28

Experimental results on these liquids are presented in Se
and simulations of their structure factor at largeQ in Sec. IV.

II. EXPERIMENTS

A. Samples

Al88.5(MnxCr12x)11.5 samples were the same as those p
pared for the purpose of the metallurgical study on the
Cr-Mn system18 where the elements of purity Al 99.99
wt %, Mn 99.9 wt %, and Cr 99.99 wt % were made molt
in a cold crucible induction furnace under an argon atm
sphere. Experiments on liquid alloys were carried out on fi
samples whose compositions and liquidus temperaturesTL
are indicated in Table I. According to the results of Ref. 1
obtained on thermodynamic liquid-solid equilibria in the A
rich corner of the Al-Mn-Cr system, all these sample co
positions belong to a liquidus phase field in equilibrium w
anmAl80.5(MnyCr12y)19.5 phase~with 0<y<1). Such equi-
libria are recalled in Fig. 1, where the alloy sample comp
sitions are reported. From a differential thermal analysis,
temperaturesTL , corresponding to the beginning of a pr
mary crystallization ofm phase compounds from the liquid
vary from 1169 to 1295 K asx decreases from 1 to 0~Table
I!. The binary Al92.3Mn7.7 and Al81Pd19 alloys were prepared
by induction melting from pure elements.

B. Neutron-scattering measurements

Neutron-scattering experiments on Al88.5(MnxCr12x)11.5
liquids at 1343 K were performed on the spectrometer D
of the high flux reactor at ILL~Grenoble!, using a wave-
length l of 0.7026 Å. The scattered intensities were me
sured through two 64-cell moving detectors in aQ range of
0.2–14 Å21. The Al92.3Mn7.7 and Al81Pd19 samples were
measured at 1173 and 1223 K, respectively, using the s
trometer 7C2 of the Orphe´e reactor at LLB~Saclay!, where a
fixed 640-cell detector allowed to record neutron scatter
in a Q range from 0.5 to 16 Å21, with a value ofl of 0.705

TABLE I. Compositions of the liquid alloy samples. The liqu
dus temperature (TL) observed by differential thermal analysis an
the temperature of measurement are indicated for each liquid a
respectively.

Liquid alloys TL ~K! T measure~K!

Al88.5(Mn1Cr0)11.5 1169 1343
Al88.42(Mn0.745Cr0.255)11.58 1253 1343
Al88.5(Mn0.494Cr0.506)11.5 1278 1343
Al88.56(Mn0.246Cr0.754)11.44 1288 1343
Al88.49(Mn0Cr1)11.51 1295 1343

Al92.3Mn7.7 1140 1223
Al81Pd19 1050 1173
Al72.1Pd20.7Mn7.2 1160 1223
3-2
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LOCAL ORDER IN LIQUIDS FORMING . . . PHYSICAL REVIEW B65 024203
Å. Each sample, heated in a tungsten~D4B! or vanadium
~7C2! resistor furnace, was molten in a single-crystal s
phire container which does not react with these liquid allo
The orientation of each container around the vertical a
~perpendicular to the scattering plane! was set in order to
avoid Bragg reflections. However, because of the lowQ
resolution of the spectrometers used (60.1 Å21 for D4B
and 60.2 Å21 for 7C2!, Bragg tails could not be com
pletely eliminated. The scattering of the empty container w
then measured at temperatures corresponding to those o
experiment before introducing the sample. The sample~cy-
lindrical ingots! masses were about 15 g.

C. Data analysis

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 sp
trum of the empty sapphire container within the furnace m
tiplied by a temperature-independent proportiona
coefficienta, and the spectrum of the empty furnace mu
plied by 12a. For each sample thea value was adjusted s
that any trace of the sapphire scattering could not be dete
in 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 Pings,29 provided that both scatter
ing and absorption processes are taken into account. The
value of both the absorption and scattering cross sect
ensures that the transmission coefficient is almost indep
dent of the scattering angle. A Plazeck correction for inel
tic scattering30,31 and a standard multiple-scatterin
correction32 were carried out. A vanadium sample with
geometry identical to that of the samples was measure
order to obtain an absolute normalization of the cross s
tions. In all cases, the asymptotic value of 4p(ds/dV)(Q)

FIG. 1. Projection of an Al-Mn-Cr liquidus phase field~in gray!
in equilibrium with m phase compounds~from Ref. 18!, where
triangular points represent them phase compositions obtained fro
solidification of liquid samples of initial compositions represent
as empty disks. The compositions of the five liquid alloy samp
used in the present study are represented by square points
enlarged part of the projection shows liquidus phase fields co
sponding to the solidification of other solid phases.
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at largeQ coincides, within a few percent, with the calcu
lated total scattering cross sectionsT5s i14p^b2&, where
s i5( j cjs inc

j and ^b2&5( j cj b̄ j
2 @s inc is the intrinsic inco-

herent scattering cross section~isotopic and nuclear spin
mixture contributions!, b̄ j the average scattering length, an
cj the concentration of thej th element~Al, Mn, Cr, or Pd!
~Ref. 20!#. Such an agreement validated the corrections
plied to the measured neutron scattered intensities. In
following we have normalized the data so that the asympt
value of the differential scattering cross section at largeQ is
equal tosT . The experimental structure factorSexpt(Q) is
related to the differential scattering cross section by

Sexpt~Q!5@4pds/dV~Q!

2s i24pdsmag/dV~Q!]/4p^b2&, ~1!

with dsmag/dV(Q) the paramagnetic contribution.

D. Results

Differential scattering cross sections measured on liq
Al88.5(MnxCr12x)11.5 alloys at 1343 K are shown in Fig. 2
Slight moves of the sapphire container during the heat
process produced Bragg contaminations of the Al88.5Mn11.5
liquid spectrum in severalQ ranges forQ larger than 7 Å21.
These data have been removed.

The amplitude of the oscillations of liquid spectra i
creases, and their maxima are shifted toward largerQ values,
asx decreases. Hereafter we shall show that this evolutio
due to the difference between Mn and Cr scattering leng
the structure of the liquid remaining the same whatever
value ofx. The differential scattering cross section measu
at small-Q values contains paramagnetic contributions t
appear in the liquid state, and increase as a function of
Mn/Cr ratio.

In Fig. 3~a!, the differential scattering cross section
liquid Al92.3Mn7.7 and Al81Pd19 alloys are compared to tha

s
he

e-

FIG. 2. Differential scattering cross section of the fiv
Al88.5(MnxCr12x)11.5 liquids.
3-3
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of Al72.1Pd20.7Mn7.2 measured in the same experimental co
ditions~from Ref. 13!. At small-Q values, there are paramag
netic contributions in both Al12Mn and Al72.1Pd20.7Mn7.2 al-
loys. The structure factors of these three liquids are show
the inset@Fig. 3~b!# for large-Q values where the influence o
local order is predominant~cf. Sec. IV!. The oscillations of
Al81Pd19 and Al72.1Pd20.7Mn7.2 liquid structure factors are
very similar, while, for Al92.3Mn7.7, the oscillations are
shifted to smallerQ values. This suggests a different loc
order in Al92.3Mn7.7 on the one hand, and in Al81Pd19 and
Al72.1Pd20.7Mn7.2 liquids on the other hand.

III. PARTIAL STRUCTURE FACTORS AND PAIR
DISTRIBUTION FUNCTIONS

Partial structure factors were determined in liqu
Al88.5(MnxCr12x)11.5 alloys using the formalism of both
Faber and Ziman25 and Bhatia and Thornton.26 A subtraction
of the paramagnetic scatteringdsmag/dV(Q) was first ap-
plied in order to obtainSexpt(Q). The procedure is given in
the Appendix.

The Faber-Ziman formalism gives access to Al-Al, Al-M
and M -M partial structure factors and related pair distrib
tion functionsg(r ). M is the average transition-metal ato
MnxCr12x .

SFZ~Q!5
^b2&

^b&2 Sexpt~Q!2
s inc.M

4p^b&2
2

^b2&2^b&2

^b&2 , ~2!

SFZ5 (
i , j 5Al,M

Wi j Si j ~Q!5 (
i , j 5Al,M

cicj b̄i b̄ j

^b&2
Si j ~Q!, ~3!

with ^b&5( j 5Al,Mcj b̄j and ^b2&5( j 5Al,Mcj b̄j
2 . cM and

b̄M5xb̄Mn1(12x)b̄Cr are the average atomic concentrati

FIG. 3. Differential scattering cross section~a! and structure
factors at large Q ~b! of the Al92.3Mn7.7, Al81Pd19, and
Al72.1Pd20.7Mn7.2 ~from Ref. 13! liquids.
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and coherent scattering length ofM atoms, respectively
s inc.M54pcM@(xb̄Mn

2 1(12x)b̄Cr
2 )2b̄M

2 # is the incoherent
scattering cross-section due to the mixture of Mn and
atoms.

The Bhatia-Thornton formalism describes the correlat
between density~N! and concentration (C), yielding C-C,
N-C, andN-N partial structure factors and pair distributio
functions. In particular, theN-N partial functions correspond
to a hypothetical liquid with the same structure as those s
ied, but whose atoms have the same coherent length. I
lows one to probe the geometrical order only,

SBT~Q!5Sexpt~Q!2
s inc.M

4p^b2&
, ~4!

SBT~Q!5(
N,C

WNCSNC~Q!

5
^b&2

^b2&
SNN~Q!1

2Db^b&

^b2&
SNC~Q!

1
cAlcM~Db!2

^b2&
SCC~Q!, ~5!

whereDb5b̄M2b̄Al .
The Wi j andWNC coefficients of the partial functions, a

defined in the general equations~3! and ~5!, are gathered in
Table II. Because of uncertainties concerning the total str
ture factor measured on the Al88.5Mn11.5 sample, the partial
functions were determined from four liqui
Al88.5(MnxCr12x)11.5 alloys (x50.745–0). The partial struc
ture factors and corresponding pair distribution functio
determined by Fourier transform~performed between 0.7
and 10 Å21) for both Bhatia-Thornton and Faber-Zima
formalisms, are represented in Fig. 4. As only three to
structure factors are necessary to extract partial structure
tors, a mathematical method for the treatment of ov
dimensioned systems was applied in order to obtain a be
accuracy.33 The WAlM andWMM coefficients, corresponding
to the total structure factor of a liquid sample withx
50.494, being almost zero~Table II!, this structure factor is
expected to be almost identical toSAlAl(Q). This is actually
the case. We also calculated the partial structure fac
SAlAl(Q) andSAlM(Q) by using all possible combinations o
three measured structure factors among the four prev
ones. They remain identical within experimental accura
and are in agreement with those shown in Fig. 4. All the

TABLE II. Wi j andWNC coefficients of the pair partial structur
factors for each liquid Al88.5(MnxCr12x)11.5 phase sample, using th
definition of Faber and Ziman@Eq. ~3!# and Bhatia and Thornton
@Eq. ~5!#.

x WTMTM WAlAl WAlTM WNN WNC WCC

1 0.0267 1.3538 20.3805 0.5675 23.1059 0.4325
0.745 0.0056 1.1547 20.1603 0.7394 22.7592 0.2606
0.494 0.0000 1.0002 20.0002 0.8848 22.0014 0.1152
0.246 0.0042 0.8748 0.1210 0.975120.9732 0.0249
0 0.0145 0.7734 0.2120 0.9997 0.1072 0.000
3-4
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LOCAL ORDER IN LIQUIDS FORMING . . . PHYSICAL REVIEW B65 024203
analyses ascertain our initial hypothesis of a Mn/Cr isom
phous substitution. TheM -M andC-C partial functions are
not represented because of important inaccuracies resu
from the small proportion ofM atoms in the liquid samples
Such inaccuracies were indeed predicted from an analys
partial pair functions in the case of them phase
compounds.17

The positions of the first peak of thegAlM andgAlAl par-
tial pair distribution functions are at 2.65 and 2.78 Å, resp
tively. These distances are slightly higher than in them phase
compounds. It can be pointed out that their ratio, equa
1.048, is very close to that of a regular icosahedron of 12
surrounding aM atom (̂ r 1&/^r 0&51.0515). From integra
calculations of the related radial distribution functions@equal
to 4pr 2rg(r )dr, with r the number of atoms per unit vo
ume density# between 2.08 and 3.64 Å, the pair coordinati
number corresponding to the first peak ofgAlM , gAlAl , and
gNN ~total coordination number involving all chemical sp
cies! were found to be equal to 10.5, and 10.6, and 11
respectively. They are very close to those existing in
mAl4Mn structure. In this phase, 98.2% of Mn atoms a
surrounded by icosahedra of either 11Al11Mn or 10Al
12Mn. All these structural features are then in agreem
with an icosahedral local order. In addition, let us point o
that the first peak ofgAlM is narrower and higher in ampli
tude than this ofgAlAl ; At larger r values, the oscillations o
the Al-M pair distribution exhibit greater amplitudes tha

FIG. 4. Partial structure factors~left! and pair distribution func-
tions ~right! extracted from four Al88.5(MnxCr12x)11.5 liquid spectra
(x50.745, 0.494, 0.246, and 0! at 1343 K in Faber-Ziman and
Bhatia-Thornton formalisms.
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those of the Al-Al pair distribution. Thus, the Al-M correla-
tions are stronger than the Al-Al ones, and Al-M local
chemical order prevails in these liquids. Therefore, a stro
Al-M order coupled to a favorable Al/M atomic size ratio
effect could be at the origin of a strong icosahedral lo
order in both Al-M liquids and equilibrium solid phases.

IV. SIMULATION AT LARGE MOMENTUM TRANSFER

A. Method

The hypothesis of an icosahedral local order in Al-M liq-
uid alloys can be investigated by simulations of the measu
total structure factors at large-Q values. Let us recall that an
analysis of the structure factor at largeQ is possible under
several conditions. The principle of the method, initially i
troduced to describe molecular solids,34–36 was adapted and
applied in a previous work to simulations of the structu
factor of liquid Al-Pd-Mn alloys forming either quasicrysta
or approximant phases.13 Its application to liquid Al-Mn-Cr
alloys implies that a cluster, with a lifetime longer than t
time of interaction with neutrons (t>10210 s), can be de-
fined in the liquid, and that the atoms within the cluster a
more rigidly bound together than to other atoms in the s
tem ~i.e., the clusters are only weakly coupled betwe
them!. The basic idea of the analysis is that, at increasingQ
values, the Debye-Waller factor relative to the motion of t
center of mass of the cluster is vanishing~diffusive motion
characteristics of a liquid!, while the Debye-Waller factor
exp(22Wkl), due to the internal motions of the cluster an
corresponding to the thermal changes (^dr kl

2 &) of the dis-
tancer kl between atomsk and l of a same cluster, remain
finite. Thus at largeQ, the structure factor essentially reflec
the contribution of short intracluster pair distances. Fo
liquid containing rigidly bound clusters and neglecting inte
cluster contributions, the structure factor can be written a

S~Q!21

5
1

Nat^b
2&

(
k,l 51(kÞ l )

Nat

b̄kb̄l

sin~Q^r kl&
Q^r kl&

exp~22Wkl!,

~6!

whereNat is the number of atoms within each cluster, a
^r kl& the average value of the distance between atomsk and
l within the cluster. The adjustable parameters in Eq.~5!,
once the chemistry and geometry of the cluster are cho
are the mean pair distances^r kl& within the clusters and the
associated mean distance variations^dr kl

2 & which enter the
Debye-Waller factor expression: exp(22Q2^drkl

2 &/3). For in-
stance, the geometry of the icosahedral cluster is chara
ized by four mean pair distances^r i& related between them
by ^r 1&51.0515̂ r 0&, ^r 2&51.7013̂ r 0&, and ^r 3&52^r 0&.
The pair distancêr 0& occurs between the central atom a
one atom of the icosahedral shell, and^r 1&, ^r 2&, and ^r 3&
correspond to first-, second-, and third-neighbor atomic d
tances on the icosahedral shell, respectively. Note that in
Q range where the comparisons between experimental
3-5
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simulated structure factors are made (4.5,Q,14 Å21), the
paramagnetic contributions are almost zero.

Using this large-Q simulation method, we first check th
presence of icosahedral local order in Al88.5(MnxCr12x)11.5
liquids on account of the results of a partial function ana
sis. Then, we present a study of the local order of ot
Al-based liquid alloys: an Al92.3Mn7.7 liquid, whose compo-
sition allows one to accommodate all Mn atoms in the cen
of Al icosahedra, and in which the partial functions were n
extracted; an Al80Ni20 liquid, whose crystallization product
do not present icosahedral local order; and an Al81Pd19 liq-
uid, in order to understand the role of Pd atoms in the lo
order of ternary Al-Pd-Mn liquids.

B. Al-Mn-Cr liquids

Simulations of the structure factor of liqui
Al88.5(MnxCr12x)11.5 alloys were performed using the ge
eral results of a partial function analysis: the presence
icosahedral local order and the presence of strong chem
M -Al order. (AlM )12M icosahedral clusters were consider
to be constituted of a centralM atom of average scatterin
length b̄M5xb̄Mn1(12x)b̄Cr surrounded by 12 atoms o
average scattering length 0.959b̄Al10.041b̄M ~i.e., chosen
according to the residual liquid composition!. In this model,
all the atoms are embedded in icoshedra, but only 67% of
M atoms occupy the center of icosahedra. The^r 0& value and
the mean thermal variations of the distances^dr i

2& were left
free in the simulation.

Simulations of the Al88.5(MnxCr12x)11.5 liquids (x51,
0.745, 0.494, 0.246, and 0! based on such icosahedra we
found to be in good agreement with experimental struct
factors forQ values larger than 6.5 Å21 ~Fig. 5!. Departures
from simulations and experimental results are systematic
observed atQ values lower than 6.5 Å21, as inter-cluster
contributions become non-negligible. The^r 0& and ^dr i

2&
values entering into simulations are listed in Table III. No
that the optimized̂ dr i

2& values increase witĥr i&, and that
the optimized pair distancêr 0& is slightly smaller than the
position of the first peak ofgAlM(r ) as determined in Sec
III. This latter result will be discussed in Sec. V. The fitte
parameters are the same for all Al88.5(MnxCr12x)11.5 liquids
within the experimental accuracy (60.01 Å for ^r 0& and
60.003 Å2 for ^dr i

2&). Thus the evolution of the structur
factor at largeQ ~shift of the oscillations towards largerQ as
x decreases! is due to the contrast variation between Mn a
Cr scattering lengths. Such an agreement between simu
and experimental structure factors for all liquids satisfies
assumption that the Mn/Cr substitution in the liquid state
isomorphic. Note that a simulation assuming no chem
order ~i.e., the same value of the scattering length 0.885b̄Al

10.115b̄M for all atoms of the icosahedron! does not repro-
duce the shift of oscillations as a function of the Mn/Cr ra
variation. The origin of this shift is illustrated in Fig. 5
where the contributions of atomic pairs corresponding to
two shortest pair distances of the icosahedron~the contribu-
tion of the two largest pair distances is much smaller! are
shown together with the simulated total structure factors
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Al88.5Cr11.5 and Al88.5Mn11.5 liquids. When substituting Mn
with Cr, the S(Q) corresponding to the first pair distanc
^r 0& contribution is shifted toward largerQ values, while the
S(Q) corresponding to the second pair distance^r 1& contri-
bution is almost unchanged. Let us note that the presenc
two different short pair distances within the icosahedral cl
ter can be related to the asymmetry of the second oscilla
at around 5.5 Å21 for all Al88.5(MnxCr12x)11.5 liquid struc-
ture factors. In particular, for an Al88.5Cr11.5 liquid with al-
most the same coherent length for all atoms, the first p
distance contribution produces a shoulder on the right sid
the second oscillation. This shoulder is often interpreted
the signature of an icosahedral local order.15,37,38

C. Al-Mn liquid

As Al92.3Mn7.7 and Al88.5Mn11.5 liquids both present a pri-
mary crystallization ofm phase, a close local order can b
expected. A simulation was performed with all Mn atoms
the centers of Al icosahedra as allowed by the liquid stoic
ometry. An excellent agreement between experiment
simulation is found in aQ range~from 4 to 14 Å21) larger

FIG. 5. Comparison forQ>4 Å 21 of the measured structur
factor of Al88.5(MnxCr12x)11.5 liquids ~dots! with calculated struc-
ture factors~solid lines! from a model of (AlM )12M icosahedra~see
text!. For the two binary liquids, the two shortest icosahedral p
distance (̂r 0& and ^r 1&) contributions to the simulations are dis
played by dotted and dashed lines, respectively. Parameters o
simulation are given in Table III.
3-6
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TABLE III. Parameters of the simulation, based on icosahedral clusters, for different liquid alloys
distances are in Å, and the mean distance variation in Å2. The typical error is60.01 Å on the first distance
^r 0& and60.003 Å2 on the mean distance variation^dr j

2&.

^r 0& ^r 1& ^r 2& ^r 3& ^dr 0
2& ^dr 1

2& ^dr 2
2& ^dr 3

2&

Al88.5(MnxCr12x)11.5 2.61 2.74 4.43 5.21 0.03 0.04 0.105 0.135
Al12Mn 2.59 2.72 4.40 5.17 0.03 0.033 0.105 0.135
Al81Pd19 2.59 2.72 4.40 5.17 0.037 0.045 0.105 0.135
Al72.1Pd20.7Mn7.2 2.59 2.72 4.40 5.17 0.03 0.039 0.105 0.135
Al80(MnxCrFe12x)20 2.55 2.68 4.34 5.10 0.033 0.043 0.105 0.135
Al80Ni20 2.52 2.65 4.29 5.04 0.039 0.052 0.105 0.135
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than in the case of Al88.5(MnxCr12x)11.5 liquids ~Fig. 6!. The
first distance valuêr 0& is 2.59 Å~Table III!, i.e., close to the
values used for the Al88.5(MnxCr12x)11.5 simulation.

In order to test the relevance of such simulations, we a
calculated the structure factor of another compact clu
containing 13 atoms, but with another geometry: an Al cu
octahedron centered on a Mn atom for which^r 1&5^r 0&,
^r 2&5&^r 0&, ^r 3&5)^r 0&, and ^r 4&52^r 0&. In this case,
for Q values lower than 6 Å21, the simulation starts to de
part from the experiment and is clearly less good than
simulation based on icosahedral clusters~Fig. 6!. The opti-
mized parameters for this simulation arêr 0&5^r 1&
52.75 Å (60.01 Å) and ^dr i

2&50.015, 0.015, 0.075
0.09, and 0.105 Å2 (60.003 Å2) for i 50 –4, respectively.

D. Al-Ni liquid

Finally, we checked that a simulation based on a liq
model of icosahedral clusters does not describe a liq
Al-Ni alloy whose solidification into intermetallic phase
does not correspond to the formation of quasicrystall
or approximant phases. For this purpose, the simula
method was applied to the partial structure factorsSNN(Q)

FIG. 6. Simulation of the Al92.3Mn7.7 structure factor based o
an Al12Mn icosahedron~thin line! and an Al12Mn cuboctahedron
~thick line!. Parameters of the simulations are given in Table III a
in the text.
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experimentally determined by Maret et al.11 on
Al80@Mnx(Cr0.5Fe0.5)12x#20 and Al80Ni20 liquids with the
sameM content. Let us recall that theSNN(Q) partial struc-
ture factor in the Bhatia-Thornton formalism allows one
consider a geometrical order but not a chemical order. In F
7, the SNN(Q) partial structure factor, obtained by Mare
et al. from isotopic Ni substitution into Al80Ni20 liquids, is
drawn with the corresponding simulation. It is compared
simulations of the experimentalSNN(Q) structure factor of
the liquids Al80@Mnx(Cr0.5Fe0.5)12x#20 ~see the work of
Maret et al.11! and of the liquids Al88.5(MnxCr12x)11.5
~present work!. For each case, the parameters of the simu
tion, based on icosahedral clusters, were adjusted so tha
last calculated oscillation around 10–11 Å21 is superim-
posed on the measured one~values in Table III!. For both

FIG. 7. Comparison of partial SNN structure factors for
Al80Ni20 ~Ref. 11!, Al80(Mnx(Cr0.5Fe0.5)12x)20 ~Ref. 11!, and
Al88.5(MnxCr12x)11.5 liquids ~dots! with calculated structure factor
assuming that all atoms are embedded in icosahedra~solid lines!.
Parameters of the simulations are given in Table III.
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Al80@Mnx(Cr0.5Fe0.5)12x#20 and Al88.5(MnxCr12x)11.5 liquids,
the simulation reproduces theSNN(Q) function for Q values
larger than 6.5 Å21 confirming the presence of icosahedr
local order in Al-Mn-Cr~-Fe! liquids. Conversely, any othe
oscillations than the one chosen as reference could no
simulated in the case of the liquid Al80Ni20 alloy. This result
confirms the conclusion of an absence of a local icosahe
order in this liquid Al80Ni20 alloy, obtained by Maretet al.11

from an analysis based on molecular dynamics.

E. Al-Pd and Al-Pd-Mn liquids

In a previous work,13 we performed simulations at largeQ
on the structure factor of an Al72.1Pd20.7Mn7.2 liquid. In this
case, the local order was analyzed by Al or AlPd icosahe
centered on Mn atoms with an^r 0& distance of 2.44 Å. As it
was difficult to understand why similar Mn-centered clust
would have different sizes in Al92.3Mn7.7 (^r 0&52.6 Å) and
Al72.1Pd20.7Mn7.2 liquids with similar Mn contents, furthe
analyses were required.

We first tried to simulate the binary liquid Al81Pd19,
whose large-Q oscillations are close to the Al72.1Pd20.7Mn7.2
ones~as shown in Sec. II!. For this liquid, a simulation base
on (AlPd)12Pd icosahedra, constituted by a central Pd at
surrounded by 12 atoms of an average scattering len
0.877b̄Al10.123b̄Pd , yields a reasonable agreement~Fig. 8!.
Note that Al icosahedra centered on Pd atoms are actu
found in theo-Al3Pd solid phase.27 The first pair distance
within this icosahedron,̂r 0&52.59 Å, is found to be iden-
tical to that of the icosahedron used to describe
Al92.3Mn7.7 structure factor~cf. Table III for the other param-
eters!.

Hence, to account for the Al72.1Pd20.7Mn7.2 structure fac-
tor, a simulation based on a (AlPdMn)12(PdMn) icosahe-
dron, centered on a mixture of Pd and Mn atom
(0.742b̄Pd10.258b̄Mn on account of the alloy Pd/Mn sto
echiometry!, was made~Fig. 8!. The outer icosahedral she
composition was chosen such that all atoms are embedd

FIG. 8. Comparison of experimental structure factors
Al81Pd19 and Al72.1Pd20.7Mn7.2 liquids with simulations based on
(AlPd)12Pd and (AlPdMn)12(PdMn) icosahedra, respectively~see
the text!. Parameters of the simulations are given in Table III.
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icosahedra. Thus it is constituted by the remaining Al, P

and Mn atoms of average scattering length 0.781b̄Al

10.162b̄Pd10.057bMn . Note that this average scatterin
length is almost equal to that of Al; a simulation with a pu
Al icosahedral shell is also therefore a possible solution. T
first pair distance is equal to 2.59 Å, in agreement with
first distance of the icosahedra describing both Al92.3Mn7.7

and Al81Pd19 binary alloys. Let us note that the evolutio
of simulated structure factors from Al81Pd19 to
Al72.1Pd20.7Mn7.2, i.e., a decrease of the amplitude of th
oscillations forQ values lower than 8 Å21, follows that of
the experimental structure factors. Therefore, to describe
local order of Al-Pd-Mn liquids, Pd and Mn atoms have to
considered in the center of icosahedra.

V. DISCUSSION

From an analysis of partial functions and from simu
tions at largeQ of measured structure factors, we ha
shown that the icosahedral local order found
Al88.5(MnxCr12x)11.5 liquid alloys is driven by a strong
chemical order between Al and transition-metal atoms:M
atoms are at the centers of icosahedral clusters mainly
stituted of Al atoms. Those clusters are similar to those fou
in the solidm phase, and in most of the intermetallic phas
on the Al-rich side of the Al-Mn, Al-Mn-Cr and Al-Cr phase
diagrams ~for example, Al12Mn, lAl4.5Mn, fAl10Mn3 ,
Al11Mn4, and uAl45Cr7). The relevance of the method o
simulation at largeQ is further validated by the disagreeme
of icosahedral-cluster-based simulations with the measu
structure factor of a liquid Al80Ni20 alloy, which does not
form icosahedral phases. This simulation method, applie
other Al-M liquids with differentM content, Al92.3Mn7.7 and
Al80@Mnx(Cr0.5Fe0.5)12x#20, shows that their local order ca
also be described byM-centered icosahedra. Therefore, M
and Cr atoms~and also Fe from Ref. 8! appear to have a
particular role in Al-based liquid alloys forming quasicry
tals.

If the stoichiometry of the Al92.3Mn7.7 liquid allows one to
accommodate allM atoms in the center of Al icosahedra, th
is not the case for higherM content. For instance, the pro
portion of transition atoms located at the center of icosa
dral clusters is only of 67% for the simulation o
Al88.5(MnxCr12x)11.5 liquids presented in Sec. IV B. If a
M -Al chemical order prevails in the liquid state, a maximu
number ofM atoms would be expected to be surrounded
an icosahedron, mainly constituted of Al. In order to increa
the proportion of transition atoms at the center of icosahe
clusters, one might either consider that clusters are lin
between them as in them phase,22 or that the atomic occu-
pancy factors on icosahedral shell sites are less than 10
Both hypotheses lead to simulations in good agreement w
the experimental structure factors. The knowledge of
M -M pair distribution function, which could not be dete
mined in the present work, would allow one to choose b
tween both hypothesis.

Let us point out that in these liquids, due to atomic m

r
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tions, the geometrical arrangement of atoms cannot
strictly icosahedral. The icosahedron, which is the most co
pact and symmetric way of packing 13 atoms, could be
ideal limit toward which the local structure of these Al-M
liquids tends. The existence of a distribution of local en
ronments can be inferred from the asymmetrical shape of
first peak of the gAlM(r ) distribution function of
Al88.5(MnxCr12x)11.5 liquids ~Fig. 4!. This has to be com-
pared to thegAlM(r ) distribution function of them-phase
compounds,17 whose first peak is narrower and more sy
metric with a maximum value at 2.59 Å. This value is ve
close to thê r 0& value~2.61 Å! yielded by the large-Q simu-
lation of Al88.5(MnxCr12x)11.5 liquids. The difference be-
tween^r 0& and the maximum of thegAlM(r ) first peak~2.65
Å! in the Al88.5(MnxCr12x)11.5 liquid may then be explained
Let us assume that the more rigid atomic pairs are th
embedded in clusters tending to perfect icosahedra like th
of the m phases corresponding to the shortest pair distan
Then the simulation at largeQ, which is mainly sensitive to
rigid pairs, is optimized for âr 0& distance smaller than th
maximum of the first peak of thegAlM(r ) which is an aver-
age distribution of allM -Al atomic pairs. The proportion o
atoms embedded in perfect icosahedra was determine
Maret et al.11 through a molecular dynamics study
Al80@Mnx(Cr0.5Fe0.5)12x#20 liquids with a reversed Monte
Carlo method using the pair potentials extracted from
experimental structure factors. These authors analyzed
structure in terms of Voronoı¨ polyhedra, and found that onl
22% of the atoms are embedded in perfect icosahedra.
is not in contradiction with the conclusions deduced fro
large-Q simulations, which take into account deforme
icosahedral clusters owing to the Debye-Waller factor.

One may wonder what kind of local order occurs in
ternary Al72.1Pd20.7Mn7.2 liquid. This liquid gives rise to
stable icosahedral phases, whereas the icosahedral pha
the Al-Mn system are metastable. From comparison of
large-Q part of the structure factors, the local order appe
to be different between Al72.1Pd20.7Mn7.2 and Al92.3Mn7.7 liq-
uids although they have the same Mn content. To study
role of Pd atoms, we performed large-Q simulations on the
structure factor of a binary Al81Pd19 liquid alloy. As results,
the simulation based on icosahedra centered on Pd a
agrees with the measured structure factor. Then a largQ
simulation of the structure factor of Al72.1Pd20.7Mn7.2 con-
firms that both Pd and Mn atoms are preferentially s
rounded by Al atoms on an icosahedral shell. Therefore
this Al-Pd-Mn alloy, the Pd atoms also play an important ro
in the liquid structure which is probably linked to the high
stability of the corresponding solid phases.

In summary, we have shown that a combination of diff
ent structural analyses—partial pair distribution function d
termination and a simulation of the structure factors at la
Q values—allows one to obtain information on the local o
der of Al-M liquids. In Al-based liquids forming icosahedra
or approximant phases as primary crystallizations, the lo
order can be described by icosahedra centered onM atoms,
similar to those found in the equilibrium solid phases. Fro
the resemblance of the solid and liquid local orders, a l
solid-liquid interfacial energy, implying a reduction of unde
02420
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cooling phenomena, would then be expected. This is c
firmed by temperature-time profiles recorded during und
cooling experiments performed on various melts.1 Actually, a
deep undercooling was observed for melts forming crys
line phases, whereas reduced undercoolings were achi
for melts forming quasicrystalline phases.
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APPENDIX: PARAMAGNETIC SCATTERING
CONTRIBUTION

The magnetic scattering has to be subtracted from
differential scattering cross sections measured on liq
Al88.5(MnxCr12x)11.5 samples before determining parti
functions. The existence of a paramagnetic scattering p
duced byM atoms in these liquids is confirmed by suscep
bility measurements. The susceptibility of the solid phase
very small. A strong increase occurs upon melting, result
from a large fraction of magneticM atoms in the liquid
phase.23 As shown in Fig. 9~a!, the susceptibility increase
linearly with the Mn/Cr ratio, since Mn atoms bear a high

FIG. 9. Evolution, as a function ofx for the different
Al88.5(MnxCr12x)11.5 liquid alloys at 1343 K, of~a! the magnetic
susceptibility and~b! the differential scattering cross section co
rected from incoherent scattering (s i ands inc.TM) at 0.7 Å21 ~open
circles!, the calculated 4p^b2&SBT(0) ~crosses!, and the difference
between the two~black squares!.
3-9
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magnetic moment than Cr atoms.
The measured signal at smallQ is the sum of a paramag

netic scattering and of nuclear scattering contributions.
cording to Eqs.~1! and ~4!, the magnetic contribution atQ
→0 can be deduced by subtracting both 4p^b2&SBT(Q
→0) and incoherent scattering values (s i ands inc.M) from
the measured differential scattering cross section.

The expression of neutron paramagnetic scattering
noninteracting magnetic atoms can be written as

4pdsmag

dV
~Q!5

8p

3
cMr 0

2F2~Q!S~S11!, ~A1!

wherer 0520.54310212 cm, S is the spin quantum num
ber of M atoms,cM their atomic concentration, andF(Q)
their magnetic form factor@with F(0)51]. Note that, when
two kinds of M atoms are present, the quanti
cMF2(Q)S(S11) should be replaced by the sum of the
contributions.

The limit atQ50 of the Bhatia-Thornton structure facto
is given by8

4p^b2&SBT~0!

54p^b&2rkBTxT14p~^b&d2Db!2cMcAlSCC~0!

~A2!

where xT is the isothermal compressibility,d a dilatation
factor defined by:

d5
1

V S ]V

]cM
D

T,P

~A3!

andSCC(0) is related to the Gibbs energyG and Avogadro
numberNa by
e

x

s

,

02420
-

or

SCC~0!5NakBT/S cMcAlS d2G

dcM
2 D

T,P
D . ~A4!

For each liquid alloy sample, theSBT(0) value was esti-
mated on account ofSCC(0) andd values taken equal to 0.5
and20.6, respectively.8 The isothermal compressibility, de
fined as

xT5
Cp

Cvru2 , ~A5!

is calculated using the ratio of specific heats at constant p
sure and at constant volume39 equal to 1.15, a sound
velocity40 u54400 ms21 and a density41 r
50.055 at. %Å23 measured for a Al90Mn10 liquid above
TL .

The calculated values for 4p^b2&SBT(0), and themea-
sured differential scattering cross section corrected from
coherent scattering, are shown in Fig. 9~b!. The difference,
which is expected to correspond to paramagnetic scatte
with the assumption thatSBT(Q) is constant fromQ50 to
0.7 Å21, lies on a straight line forx50 to 0.745 like the
susceptibility @cf. Fig. 9~b!#. For x51, the resulting value
departs from this straight line, probably because the fi
peak of the structure factor also contributes atQ50.7 Å21.
The paramagnetic scattering was evaluated in this case
extrapolating the straight line to its value atx51. According
to Eq. ~A1! and using the theoretical magnetic form
factor42,43 of Mn21 ~Mn and Cr magnetic form factors ar
very close!, we determined a paramagnetic contributio
which extends up to about 6 Å21 and subtracted it from the
total structure factors of the Al88.5(MnxCr12x)11.5 liquids.
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