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Local order in liquids forming quasicrystals and approximant phases
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Neutron-scattering experiments were performed on liquigk AMn,Cr; )11 5 alloys (0<x=<1), giving
rise to equilibria withu phase compounds whose structure is closely related to those of quasicrystalline phases.
Assuming a Mn/Cr isomorphic substitution like the one existing inghphase, partial pair structure factors
and corresponding correlation functions were determined in these liquids. The results show &Mtreng
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,
Alg, Mn5 5, Alg,Pdig, and Ak, Pd,o Mn;,, giving rise to approximant or quasicrystalline phases, but in
which partial functions are not determined.
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[. INTRODUCTION by icosahedral glass models, because the first samples pre-
pared by Shechtmaet al® were obtained as metastable
It is generally assumed that phenomena such as amophases by melt spinning liquid Al-Mn and Al-Cr alloys. In
phous state formation, undercooling effects, or the solidificathese models, it was assumed that liquids forming quasicrys-
tion of metastable and stable phases of primary crystallizatals exhibit a strong icosahedral local order well above their
tion depend on the nature of the local order in liquid phasesnelting point. These models were progressively abandoned
For instance, if a high solid-liquid interfacial energgr a  when stable quasicrystalline phases, exhibiting diffraction re-
high activation threshold for nucleatipmust be invoked in  flections as narrow as those of periodic crystals of very good
the case of deeply undercooled metallic melts, the reason fauality, were found in different ternary alloyg.g., Al-Fe-
this could be the existence in undercooled melts of energeticu, Al-Pd-Mn, and Mg-Zn-Y. Nevertheless, it seems still
cally favorable clusters whose structure is not compatiblgeasonable to assume an icosahedral local order in the corre-
with the translational invariance of crystdfsee, for instance, sponding equilibrium liquid phases, as the long-range order
the recent review article by Holland-Mortiz The idea that in quasicrystals might precisely be a consequence of such a
structures of undercooled liquid metals could be based otocal order.
packings of icosahedral units constituted of 13 atoms was Indeed, the results of neutron-scattering studies by Maret
first suggested by FranékThe reasons given by this author and co-workers on liquid AMn,, (Refs. 8 and 9 and
were twofold: (i) A periodic crystal with the symmetry of a Al;,Pd;gMn;o (Ref. 10 alloys, with compositions close to
regular icosahedron is excluded as the icosahedral poirthose of icosahedral phases, were interpreted by molecular-
group is noncrystallographicii) Assuming a Lennard-Jones dynamics simulatiors as being characteristic of the pres-
potential for atomic interactions, an icosahedral cluster of 1&nce of icosahedral local order in liquid alloys above their
atoms has a lower energy per atom than that of a closemelting point. We also carried out neutron scattering studies
packed cluster of 13 atoms compatible with either fcc or hcpon liquid Al-Pd-Mn alloys with Mn contents between 3.5 and
crystalline structures. Although any experimental result ori7.2 at. %'%2 But, at variance with the samples studied by
the local order of undercooled bulk metallic melt has notMaret and co-worker$;° the sample compositions were
been obtained so fara development of an icosahedral local chosen such that the liquid can reach a thermodynamical
order increasing with the undercooling temperature depth oéquilibrium upon cooling with the icosahedral quasicrystal or
the melt was found by molecular dynamics simulations oran approximant phase presenting icosahedral local &tder.
Lennard-Jones liquids? The presence of a strong icosahedral local order in the liquid
However, with the discovery by Shechtmeinal® of qua-  state could be suggested from the overall similarity observed
siperiodic structures with icosahedral symmetry, new quesbetween the structure factors of liquids and equilibrium solid
tions have arisen about the relationship between short-rangshases, and on the basis of theoretical predictions of Sachdev
order in liquid alloys and long-range icosahedral order in thisand Nelsort>*® This conclusion was also upheld by simula-
state of matter. In particular, one can ask whether a liquidions of the structure factor at large momentum transf@js
and a quasicrystalline solid exhibit similar local orders whenusing a liquid model of icosahedral clusters. In addition,
they are in equilibrium, and what the relation with under-from these neutron-scattering measurements at low momen-
cooling effects is in this case. Let us recall that severatum transfer combined with susceptibility measurements and
author§’ first attempted to describe a quasicrystalline stateadditional polarized neutron-scattering experiments, it was
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established that magnetic moments appear on melting on Mn TABLE I. Compositions of the liquid alloy samples. The liqui-
atoms which are nonmagnetic in the sdfid>the paramag- dus temperatureT() observed by differential thermal analysis and
netism continuing to increase with temperature in the quuidthe temperature of measurement are indicated for each liquid alloy,
state. The origin of this behavior was discussed in relation t§eSPectively.

an evolution of the local icosahedral order in the liquid when

the temperature increasEsHowever, simulations at large Liquid alloys K T measureK)
momentum transfers are not sufficient to ascertain what typgig, {Mn;Cry)4; 5 1169 1343
of local order occurs in ternary alloys. A determination of the g, ,AMng 74Cro 5911 58 1253 1343
partial distribution functions is necessary for a better characa|,, {Mn 40.Cro.500 115 1278 1343
terization of the local order in these liquid alloys, and of its aj.. (Mng 24Cro 760 11 44 1288 1343
link with magnetism. . Algs s MnoCr) 11 51 1295 1343
Although partial distribution functions were already deter-
mined in liquid Al-Mn{Fe-Cp and Al-Pd-Mn{Fe-Cp Algy Mn; 7 1140 1223
alloys®~19 assuming that a substitution of Mn atoms by aAlgPds 1050 1173
(Fe-Cp atomic mixture is isomorphic, we have obtained Al;, Pd,, Mn;, 1160 1223

evidence¥ ~*° that it could be more readily achieved and
ascertained in liquid Ak {Mn,Cr; )11 5 alloys. In a previ-
ous work, we showed that a liqujdAlg, {Mn,Cr;_,);95 the role of Pd atoms in this latter alloy, we also studied a
phase equilibrium exists with a complete Mn/Cr substitutionAlg;Pdg liquid alloy. The product of primary crystallization
range in theu structure. These liquids can be considered a®f the Alg,Pdq liquid is the orthorhombic phase 0-Ad?’
ideal for neutron-scattering studies for several reas@ns. almostisomorphous to the approximantAlPdMn phase®

The Mn/Cr substitution in thg. structure is isomorphit/*®  Experimental results on these liquids are presented in Sec. Il
which therefore yields a convincing argument for inferring and simulations of their structure factor at la@én Sec. V.

that an isomorphic substitution occurs as well in the equilib-

rium liquid phase(ii) Important neutron-scattering contrast Il. EXPERIMENTS

effects are expected, allowing an accurate determination of

partial distribution functions, as the neutron scattering A. Samples

lengths of Cr and Mn are very differefaf opposite sigh?° Algs {MN,Cr; )11 s samples were the same as those pre-

(iii ) The chemical composition of botAl ;Mn and wAl,Cr  pared for the purpose of the metallurgical study on the Al-
compounds correspond to those of metastable icosahedrgl-mn system® where the elements of purity Al 99.999
phases! (iv) The u phase is an approximant structure of wtos Mn 99.9 wt%, and Cr 99.99 wt % were made molten
icosahedral phases and exhibits an icosahedral local ordg{ a cold crucible induction furnace under an argon atmo-
around its transition metal atori$(v) The magnetic prop- sphere. Experiments on liquid alloys were carried out on five
erties of Abg gVIny; sand Alg «Cr14 sliquid alloys, probed by - samples whose compositions and liquidus temperatiires
susceptibility measuremerttsare very similar to those of are indicated in Table I. According to the results of Ref. 18,
Al-Pd-Mn liquids*® obtained on thermodynamic liquid-solid equilibria in the Al-
We have therefore performed neutron-scattering experirich corner of the Al-Mn-Cr system, all these sample com-
ments on a set of A4 Mn,Cr,_,)1; 5 liquids with x=1,  positions belong to a liquidus phase field in equilibrium with
0.745, 0.494, 0.246, and 0. Experimental results are Préan uAlgo {Mn,Cry _,) 1 s phase(with 0O<y=1). Such equi-
sented in Sec. Il. A preliminary report on these results can bgpria are recalled in Fig. 1, where the alloy sample compo-
found in Ref. 24. Partial distribution functions are deter-sijtions are reported. From a differential thermal analysis, the
mined using the formalism of Faber and Zimiaand Bhatia temperatures, , corresponding to the beginning of a pri-
and Thorntof® (Sec. Il). An analysis of the total structure mary crystallization ofu phase compounds from the liquid,
factor based on a local icosahedral order in the liquid state i§ary from 1169 to 1295 K ag decreases from 1 to (Table

also proposed from simulations at large momentum transferg, The pinary A}, Mn- ; and Ak;Pd;q alloys were prepared
(Sec. V). An excellent agreement is found between these,y jnduction melting from pure elements.

two analyses which allows one to establish the existence of
an icosahedral local order in &l{Mn,Cr; _,)14 5 liquids,

and which validates the use of a simulation of the structure
factor at largeQ to probe the local order. We then apply such  Neutron-scattering experiments ongd{Mn,Cr;_,)115
simulations to several other liquids, in equilibrium with ap- liquids at 1343 K were performed on the spectrometer D4B
proximant and quasicrystalline phases, for which partialof the high flux reactor at ILL(Grenoblg, using a wave-
functions were not determined. We study a liquig AMn,;  length A of 0.7026 A. The scattered intensities were mea-
whose stoechiometry could accommodate Al icosahedraured through two 64-cell moving detectors ilQaange of
clusters centered on Mn atoms. The primary crystallizatiorD.2—14 A1, The Aly, Mn;, and Ak,Pdq samples were

of this liquid is theuAlgy Mng 5 phase. Another interesting measured at 1173 and 1223 K, respectively, using the spec-
feature of this alloy is that its Mn content is close to that oftrometer 7C2 of the Orpleereactor at LLB(Saclay, where a

Al4, Pdy, Mn- 5 liquid, previously studietf and used for the fixed 640-cell detector allowed to record neutron scattering
growth of large icosahedral single crystals. In order to clarifyin a Q range from 0.5 to 16 A, with a value ofx of 0.705

B. Neutron-scattering measurements
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FIG. 1. Projection of an Al-Mn-Cr liquidus phase figlid gray) 1 3 5 7 9 11 13
in equilibrium with u phase compound&rom Ref. 18, where y
triangular points represent the phase compositions obtained from Q (A )

solidification of liquid samples of initial compositions represented ) ) ) ) ]
as empty disks. The compositions of the five liquid alloy samples FIG. 2. Differential scattering cross section of the five
used in the present study are represented by square points. TAéssSXMMCri_)11 5 liquids.

enlarged part of the projection shows liquidus phase fields corre- o o )
sponding to the solidification of other solid phases. at largeQ coincides, within a few percent, with the calcu-

lated total scattering cross sectiof= o+ 4m(b?), where
A. Each sample, heated in a tungst@¥B) or vanadium ai=2,-cjcr{nc and<b2>=chjEj2 [oinc is the intrinsic inco-
(7C2 resistor furnace, was molten in a single-crystal sap-herent scattering cross sectidisotopic and nuclear spin
phil’e container which does not react with these |IQUId a”oySmixture Contributionh Ej the average Scattering |ength' and
The orientation of each container around the vertical axi%j the concentration of thgth element(Al, Mn, Cr, or Pd
(perpendicular to the scattering plangas set in order to  (Ref. 20]. Such an agreement validated the corrections ap-
avoid Bragg reflections. However, because of the @w- pjlied to the measured neutron scattered intensities. In the
resolution of the spectrometers useti@.1 A™* for D4B  following we have normalized the data so that the asymptotic
and 0.2 A™* for 7C2), Bragg tails could not be com- value of the differential scattering cross section at lagge
pletely eliminated. The scattering of the empty container wagqual too;. The experimental structure fact@,p(Q) is

then measured at temperatures corresponding to those of thglated to the differential scattering cross section by
experiment before introducing the sample. The sanipje

lindrical ingots masses were about 15 g. Sexpl Q) =[47do/dQ(Q)

C. Data analysis — 01— 47d 0 ae/dQ(Q)]/4m(b?), (1)

At a given temperature the differential scattering crossyjii, domag/dQ(Q) the paramagnetic contribution.
section of the sampledE/d(2)(Q) was obtained by sub-

tracting, from the spectrum of the full container, the spec-
trum of the empty sapphire container within the furnace mul-
tiplied by a temperature-independent proportionality Differential scattering cross sections measured on liquid
coefficienta, and the spectrum of the empty furnace multi- Algg (Mn,Cr; _,)41 5 alloys at 1343 K are shown in Fig. 2.
plied by 1— «. For each sample the value was adjusted so Slight moves of the sapphire container during the heating
that any trace of the sapphire scattering could not be detectgaocess produced Bragg contaminations of thgs AMin,4 5

in the final spectra. The values were found to vary between liquid spectrum in severa ranges foiQ larger than 7 A*.

0.91 and 0.93 for the different samples. They are in agreefhese data have been removed.

ment with the transmission factor calculated following the The amplitude of the oscillations of liquid spectra in-
method of Paalman and Pingsprovided that both scatter- creases, and their maxima are shifted toward la@ealues,

ing and absorption processes are taken into account. The loasx decreases. Hereafter we shall show that this evolution is
value of both the absorption and scattering cross sectiondue to the difference between Mn and Cr scattering lengths,
ensures that the transmission coefficient is almost indeperthe structure of the liquid remaining the same whatever the
dent of the scattering angle. A Plazeck correction for inelasvalue ofx. The differential scattering cross section measured
tic scattering®® and a standard multiple-scattering at smallQ values contains paramagnetic contributions that
correctiort? were carried out. A vanadium sample with a appear in the liquid state, and increase as a function of the
geometry identical to that of the samples was measured iMn/Cr ratio.

order to obtain an absolute normalization of the cross sec- In Fig. 3(@), the differential scattering cross section of
tions. In all cases, the asymptotic value af@o/dQ)(Q) liquid Alg, Mn-;; and Ak,Pd,q alloys are compared to that

D. Results
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6 - TABLE Il. W;; andW\¢ coefficients of the pair partial structure
‘) factors for each liquid Ak {Mn,Cr; _,)11 5 phase sample, using the
definition of Faber and ZimafEq. (3)] and Bhatia and Thornton

5 [Eg. (9)].
4 X Wrvtm Waiai - Warm Wan Wi Wee
1 0.0267 1.3538 —0.3805 0.5675 —3.1059 0.4325

0.745 0.0056 1.1547 —0.1603 0.7394 —2.7592 0.2606
0.494 0.0000 1.0002-0.0002 0.8848 —2.0014 0.1152
0.246 0.0042 0.8748 0.1210 0.975%0.9732 0.0249
0 0.0145 0.7734 0.2120 0.9997 0.1072 0.0003

4ndo/dQ (barns)

T AL Pd. Mn

771 20.7 7.2°

T=1223 K and coherent scattering length ™ atoms, respectively.

—AlPd,,, T=1173 K Tine.m =47yl (XY, +(1—X)bZ,) —b%] is the incoherent
. e z? 19, 3Mn77,T=|1223I|< (a) scattering cross-section due to the mixture of Mn and Cr
O 1 1 1 1 1
2 4 6 8 10 12 14 atoms.

o The Bhatia-Thornton formalism describes the correlation
QA7) between densityN) and concentration(), yielding C-C,

FIG. 3. Differential scattering cross sectiga) and structure N—C,_andN—N pa_rtlal structure fac_tors and_ pair distribution
factors at largeQ (b) of the AlgyMn,,, AlgPd, and functions. In partlgular, theI-N partial functions correspond
Al, Pabo Mn; , (from Ref. 13 liquids. toa hypothetical liquid with the same structure as those stud-

ied, but whose atoms have the same coherent length. It al-

. . lows one to probe the geometrical order only,
of Al;, 1Pdhg Mn;, measured in the same experimental con- P g Y

ditions (from Ref. 13. At small-Q values, there are paramag-

netic contributions in both AlMn and Ak, ;Pdy, Mn , al- Sp1(Q) = Sexp( Q) — mCI\ZA (4)
loys. The structure factors of these three liquids are shown in 4m(b%)
the insef{Fig. 3(b)] for largeQ values where the influence of
local order is predominar(cf. Sec. I\). The oscillations of Sgr(Q) =2, WycSne(Q)
Alg,Pd,g and Al,, Pdy-Mn;, liquid structure factors are N.C
very similar, while, for Ab,Mn;,, the oscillations are (b )2 Ab(b)
shifted to smallerQ values. This suggests a different local <b2> Sun(Q) + (b2> Sne(Q)
order in Ak, Mn,; on the one hand, and in APd;4 and
Al, Pdy,o Mn-, liquids on the other hand. CaCu(Ab)2
+T5cc(Q), &)
Ill. PARTIAL STRUCTURE FACTORS AND PAIR < >
DISTRIBUTION FUNCTIONS whereAb=by—by,.

The W;; and W\ coefficients of the partial functions, as
Partial structure factors were determined in liquiddefined in the general equatiof® and(5), are gathered in
Algg {Mn,Cr;_,)1; 5 alloys using the formalism of both Table Il. Because of uncertainties concerning the total struc-
Faber and Zimaf and Bhatia and Thorntof?.A subtraction ~ ture factor measured on the 4§Mny; s sample, the partial
of the paramagnetic scatterimgr,,/dQ(Q) was first ap- functions  were  determined from  four liquid

plied in order to obtairS.,,(Q). The procedure is given in Algg gMn,Cry ;)1 salloys (x=0.745-0). The partial struc-
the Appendix. ture factors and corresponding pair distribution functions,

; ; ; determined by Fourier transforrtperformed between 0.7
The Faber-Ziman formalism gives access to Al-Al, M- ] _ .
and M-M partial structure factors and related pair distribu-and 10 A) for both Bhatia-Thornton and Faber-Ziman

. . X e formalisms, are represented in Fig. 4. As only three total
:\I/lor? éurnctlonsg(r). M is the average transition-metal atom structure factors are necessary to extract partial structure fac-
x~ll—x-

tors, a mathematical method for the treatment of over-
b2 ’ ) dimensioned systems was applied in order to obtain a better
5.,(0)= (b >S (Q)— JineM (b9 —(b) @ accuracy’ The Wy andW,yy coefficients, corresponding
FZ (b)2~exp 41r(b)? (b)2 to the total structure factor of a liquid sample with
=0.494, being almost zer@able ll), this structure factor is

c.c.bb: expected to be almost identical ,5,(Q). This is actually
S 2 W;;S;(Q)= 5 Jsij(Q), (3 the case. We also calculated the partial structure factors
Li=ALM =AM (b) Saial(Q) andS, v (Q) by using all possible combinations of

three measured structure factors among the four previous
with (b)=%;_a mCib; and (b*)=2;_amCib}. cw and  ones. They remain identical within experimental accuracy,
b,\,I Xan+(1 x)bCr are the average atomic concentrationand are in agreement with those shown in Fig. 4. All these
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25l S las those of the Al-Al pair distribution. Thus, the Alt correla-
AlAL Eanar tions are stronger than the Al-Al ones, and Mil-local
20 120 chemical order prevails in these liquids. Therefore, a strong
1.5t lis Al-M order coupled to a favorable Al atomic size ratio
Lol effect could be at the origin of a strong icosahedral local
Lo order in both AIM liquids and equilibrium solid phases.
03 {0.5
001 0.0 IV. SIMULATION AT LARGE MOMENTUM TRANSFER
251 S g 2.5
AIM AlM A. Method
201 2.0
sl The hypothesis of an icosahedral local order inMllig-
> L5 92 uid alloys can be investigated by simulations of the measured
& 1.0} o2 total structure factors at larg@-values. Let us recall that an
05l analysis of the structure factor at lar@eis possible under
05 several conditions. The principle of the method, initially in-
001 0.0 troduced to describe molecular solitfs3®was adapted and
g ]* applied in a previous work to simulations of the structure
NN o factor of liquid Al-Pd-Mn alloys forming either quasicrystals
’ or approximant phasés.Its application to liquid Al-Mn-Cr
115 alloys implies that a cluster, with a lifetime longer than the
Lo time of interaction with neutronst&10 19 s), can be de-
fined in the liquid, and that the atoms within the cluster are
102 more rigidly bound together than to other atoms in the sys-
T e 0 tem (i.e., the clusters are only weakly coupled between
0O 2 4 6 8§ 10 12 2 4 6 8 10 12 149

e them). The basic idea of the analysis is that, at increa§ing
QA r(A) values, the Debye-Waller factor relative to the motion of the
FIG. 4. Partial structure factofteft) and pair distribution func- Cﬁnter tOf _n}ass Off thle_ CIUSter:.IIS \t/r?mslg“(k?ﬁu\sl\llvﬁ m(]ztlotn

tions (right) extracted from four Af; {Mn,Cr; )11 5liquid spectra characteristics ot a Iqud while e. ebye-vvaller factor
(x=0.745, 0.494, 0.246, and) Git 1343 K in Faber-Ziman and exp(—2W,), due to the internal motions of the cluster and
Bhatia-Thornton formalisms. corresponding to the thermal changdsré)) of the dis-
tancer,, between atom& and| of a same cluster, remains
analyses ascertain our initial hypothesis of a Mn/Cr isomorinite. Thus at larg), the structure factor essentially reflects
phous substitution. ThM-M and C-C partial functions are the contribution of short intracluster pair distances. For a
not represented because of important inaccuracies resultid§iuid containing rigidly bound clusters and neglecting inter-
from the small proportion ok atoms in the liquid samples. © uster contributions, the structure factor can be written as
Such inaccuracies were indeed predicted from an analysis of
partial pair functions in the case of the. phase S(Q)—1

compounds’ N
The positions of the first peak of thgyy andga par- 1 & ——sin(Q(ry)
tial pair distribution functions are at 2.65 and 2.78 A, respec- N (b?) K |:12(k¢|) Oy Q(ri) X~ 2Wia),
tively. These distances are slightly higher than in gthphase a '
compounds. It can be pointed out that their ratio, equal to (6)

1.048, is very close to that of a regular icosahedron of 12 Al

surrounding aM atom (r)/{r,)=1.0515). From integral WhereN,, is the number of atoms within each cluster, and
calculations of the related radial distribution functigegual ~ (r) the average value of the distance between atoiasd

to 4mr2pg(r)dr, with p the number of atoms per unit vol- | within the cluster. The adjustable parameters in E,

ume density between 2.08 and 3.64 A, the pair coordinationonce the chemistry and geometry of the cluster are chosen,
number corresponding to the first peakafiy, gaa;, and  are the mean pair distancés,) within the clusters and the
gnn (total coordination number involving all chemical spe- associated mean distance variatidi#sZ,) which enter the
cies were found to be equal to 10.5, and 10.6, and 11.9Pebye-Waller factor expression: exp2Q%érZ)/3). For in-
respectively. They are very close to those existing in thestance, the geometry of the icosahedral cluster is character-
nAlLMn structure. In this phase, 98.2% of Mn atoms areized by four mean pair distancés;) related between them
surrounded by icosahedra of either 13AIMn or 10Al by (r;)=1.0518rg), (r,)=1.7013rq), and {r3)=2(rg).
+2Mn. All these structural features are then in agreemenThe pair distancér,) occurs between the central atom and
with an icosahedral local order. In addition, let us point outone atom of the icosahedral shell, afrd), (r,), and(rs)

that the first peak 0§,y is narrower and higher in ampli- correspond to first-, second-, and third-neighbor atomic dis-
tude than this ofj5 5, ; At largerr values, the oscillations of tances on the icosahedral shell, respectively. Note that in the
the Al-M pair distribution exhibit greater amplitudes than Q range where the comparisons between experimental and
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(Mn Cr ), ,liquids, T=1343 K

88.5

simulated structure factors are made @B<14 A1), the Al
/i 115
R

paramagnetic contributions are almost zero. L1k
Using this largeQ simulation method, we first check the /
presence of icosahedral local order ing®(Mn,Cr; _,)115
liquids on account of the results of a partial function analy-
sis. Then, we present a study of the local order of other
Al-based liquid alloys: an Ab JMn5 - liquid, whose compo-
sition allows one to accommodate all Mn atoms in the center
of Al icosahedra, and in which the partial functions were not
extracted; an AjNi,g liquid, whose crystallization products
do not present icosahedral local order; and agAd;q lig-
uid, in order to understand the role of Pd atoms in the local
order of ternary Al-Pd-Mn liquids.

S(Q)

B. Al-Mn-Cr liquids

Simulations of the structure factor of liquid
Algg {Mn,Cr; _,)115 alloys were performed using the gen-
eral results of a partial function analysis: the presence of
icosahedral local order and the presence of strong chemice
M-Al order. (AIM) ,M icosahedral clusters were considered
to be constituted of a centrddl atom of average scattering

length by =xXby,+ (1—Xx)be, surrounded by 12 atoms of

average scattering length O.SE@+O.O4]HM (i.e., chosen
according to the residual liquid compositjomn this model,
all the atoms are embedded in icoshedra, but only 67% of the

M atoms occupy the center of icosahedra. {ihg value and QA"
the mean thermal variations of the distan¢és’) were left
free in the simulation. FIG. 5. Comparison foQ=4 A ~! of the measured structure

Simulations of the AJs{Mn,Cr;_,)115 liquids (x=1,  factor of Algg{Mn,Cr;_,);1 5 liquids (dot9 with calculated struc-
0.745, 0.494, 0.246, and) Mased on such icosahedra were ture factorgsolid lineg from a model of (AM)1,M icosahedrdsee
found to be in good agreement with experimental structurdexd. For the two binary liquids, the two shortest icosahedral pair
factors forQ values larger than 6.5 A (Fig. 5. Departures distance (ro) and(ry)) contribL_Jtions to the _simulations are dis-
from simulations and experimental results are systematicallp!@yed by dotted and dashed lines, respectively. Parameters of the
observed atQ values lower than 6.5 AL, as inter-cluster ~Simulation are given in Table III.
contributions become non-negligible. THey) and (4&r?)
values entering into simulations are listed in Table III. NOteAl g £Cry1 5 and Alg Mny; s liquids. When substituting Mn
that the optimized &r{) values increase withr;), and that  with Cr, the S(Q) corresponding to the first pair distance
the optimized pair distanc@ o) is slightly smaller than the (r) contribution is shifted toward large) values, while the
position of the first peak 0§ n(r) as determined in Sec. S(Q) corresponding to the second pair distaice contri-

I1l. This latter result will be discussed in Sec. V. The fitted pution is almost unchanged. Let us note that the presence of
parameters are the same for algMn,Cr;_,) 13 5liquids  two different short pair distances within the icosahedral clus-
within the experimental accuracy+(0.01 A for (ro) and ter can be related to the asymmetry of the second oscillation
+0.003 & for (r?)). Thus the evolution of the structure at around 5.5 A? for all Algg{Mn,Cr;_,)1 s liquid struc-
factor at largeQ (shift of the oscillations towards larg€ as  ture factors. In particular, for an & :Cr;4 5 liquid with al-

x decreasess due to the contrast variation between Mn andmost the same coherent length for all atoms, the first pair
Cr scattering lengths. Such an agreement between simulatelistance contribution produces a shoulder on the right side of
and experimental structure factors for all liquids satisfies thehe second oscillation. This shoulder is often interpreted as
assumption that the Mn/Cr substitution in the liquid state isthe signature of an icosahedral local ortfet’ 38

isomorphic. Note that a simulation assuming no chemical

order(i.e., the same value of the scattering length O@_l,%\$5

+0.11%,, for all atoms of the icosahedrpdoes not repro-
duce the shift of oscillations as a function of the Mn/Cr ratio  As Alg, Mn-; ; and Akg dMn4; 5 liquids both present a pri-
variation. The origin of this shift is illustrated in Fig. 5, mary crystallization ofu phase, a close local order can be
where the contributions of atomic pairs corresponding to theexpected. A simulation was performed with all Mn atoms in
two shortest pair distances of the icosaheditbe contribu-  the centers of Al icosahedra as allowed by the liquid stoichi-
tion of the two largest pair distances is much smaleme  ometry. An excellent agreement between experiment and
shown together with the simulated total structure factors osimulation is found in & range(from 4 to 14 A™Y) larger

C. Al-Mn liquid
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TABLE lll. Parameters of the simulation, based on icosahedral clusters, for different liquid alloys. The
distances are in A, and the mean distance variation n e typical error is=0.01 A on the first distance
(ro) and=0.003 A on the mean distance variati«mrjz).

(r)  (ro)  (ra) gy (erg)  (ord)  (ord) (o)

Algg {MN,Cr_,)115 261 274 443 521 0.3 0.04 0105  0.135
Al ,Mn 259 272 440 517 003 0033 0105  0.135
AlgiPdig 259 272 440 517 0037 0045 0105  0.135
Al Pdho Mn; 5 259 272 440 517 003 0039 0105  0.135
Algg(MN,CrFe; )20 255 268 434 510 0033 0043 0105 0.135
AlgNisg 252 265 429 504 0039 0052 0.105  0.135

than in the case of Ak{Mn,Cr; )11 s liquids (Fig. 6. The  experimentally ~ determined by Maretetal™ on
first distance valuér,) is 2.59 A(Table Ill), i.e., close to the Alsd MN(CrosFes)1-x]20 @and AkoNiyo liquids with the
values used for the A {Mn,Cr;_,)1; s Simulation. sameM content. Let us recall that the\n(Q) partial struc-

In order to test the relevance of such simulations, we als&!r® factor in the Bhatia-Thornton formalism allows one to
calculated the structure factor of another compact clustefONSider a geometrical order but not a chemical order. In Fig.
containing 13 atoms, but with another geometry: an Al cub-" e Sun(Q) partial structure factor, obtained by Maret
octahedron centered on a Mn atom for whigh)=(ro), et al. from isotopic Ni substitution into AbNiy liquids, is
(F)=V2(ro), (r3)=v3(ro), and(rs)=2(ro). In this case, drawn with the corresponding simulation. It is compared to
for Q values lower than 6 AL, the simulation starts to de- simulations of the experiment&yy(Q) structure factor of
part from the experiment and is clearly less good than th
simulation based on icosahedral clustéfgy. 6). The opti-
mized parameters for this simulation arérg)=(r,)
=2.75 A (+0.01 A) and (8r?)=0.015, 0.015, 0.075,
0.09, and 0.105 A (+0.003 &) for i=0-4, respectively.

the liquids Ak Mn,(CrysFeng)1-_yxloo (see the work of
Maret etall™) and of the liquids Alg{MnCri_,)11s
(present work For each case, the parameters of the simula-
tion, based on icosahedral clusters, were adjusted so that the
last calculated oscillation around 10-11 Ais superim-
posed on the measured ofwalues in Table Ill. For both

D. Al-Ni liquid 12

Finally, we checked that a simulation based on a liquid 1.1
model of icosahedral clusters does not describe a liquid
Al-Ni alloy whose solidification into intermetallic phases

AL Ni, T=1330K

1.0 |
does not correspond to the formation of quasicrystalline |
or approximant phases. For this purpose, the simulation 09 k!
method was applied to the partial structure fact§g(Q) 1'2 : T
a [ F25 Also(Mnx(Feo.scro.s)1—.\-)20
R BN T=1325K
1.2 » /I 7
A192.3Mn7'7 T=1223 K
icosahedron

IR cuboctahedron

S(Q)

4 6 8 10 12 14

Q (A" . .
FIG. 7. Comparison of partial & structure factors for
FIG. 6. Simulation of the A, Mn;; structure factor based on AlgNiy, (Ref. 11, Algg(Mn,(CrysFeys)1-x)20 (Ref. 11, and
an Al;,Mn icosahedron(thin line) and an Al,Mn cuboctahedron  AlggMn,Cr; _,) 11 5 liquids (dotg with calculated structure factors
(thick line). Parameters of the simulations are given in Table 1l andassuming that all atoms are embedded in icosahedia lines.
in the text. Parameters of the simulations are given in Table III.

Q@A™
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icosahedra. Thus it is constituted by the remaining Al, Pd,
and Mn atoms of average scattering length 0b7g1

+0.16bp4+0.05hy,,. Note that this average scattering
length is almost equal to that of Al; a simulation with a pure
Al icosahedral shell is also therefore a possible solution. The
first pair distance is equal to 2.59 A, in agreement with the
first distance of the icosahedra describing botl, AVin- ;

and Ak,Pd;q binary alloys. Let us note that the evolution
of simulated structure factors from APdyg to
Al4, Pd,o Mn-,, i.e., a decrease of the amplitude of the
oscillations forQ values lower than 8 A?, follows that of

the experimental structure factors. Therefore, to describe the
local order of Al-Pd-Mn liquids, Pd and Mn atoms have to be
QAN considered in the center of icosahedra.

3k [\ - AlPd, T=1173K
Al, Pd, Mn,, T=1223K

5(Q)

FIG. 8. Comparison of experimental structure factors for
AlgPdig and Ak, PdyMn-, liquids with simulations based on
(AIPd),,Pd and (AIPdMn),(PdMn) icosahedra, respectivelgee
the tex). Parameters of the simulations are given in Table III. From an analysis of partial functions and from simula-

tions at largeQ of measured structure factors, we have
Algd Mn,(Cro sF€y ) 1-x]20 and Agg Mn,Cry _,) 11 sliquids,  shown that the icosahedral local order found in
the simulation reproduces tt&\(Q) function forQ values  Algg {Mn,Cr;_,)1; 5 liquid alloys is driven by a strong
larger than 6.5 A* confirming the presence of icosahedral chemical order between Al and transition-metal atois:
local order in Al-Mn-C(-Fe) liquids. Conversely, any other atoms are at the centers of icosahedral clusters mainly con-
oscillations than the one chosen as reference could not bjtuted of Al atoms. Those clusters are similar to those found
simulated in the case of the liquid #Niy, alloy. This result i the solidu phase, and in most of the intermetallic phases
confirms the conclusion of an absence of a local icosahedr@jn the Al-rich side of the Al-Mn, Al-Mn-Cr and Al-Cr phase
order in this ||qU|d AIBONiZO alloy, obtained by Mareg¢t al.ll diagrams (for examp|e, Alen, )\A|4.5Mn, ¢A| 10Mn3,

V. DISCUSSION

from an analysis based on molecular dynamics. Al;;Mn,, and 6Al,Cr;). The relevance of the method of
simulation at large& is further validated by the disagreement
E. Al-Pd and Al-Pd-Mn liquids of icosahedral-cluster-based simulations with the measured

structure factor of a liquid ApNi,g alloy, which does not
S ; form icosahedral phases. This simulation method, applied to
on the structure factor of an AP Mny liquid. In this 0 8\ liquids with differentM content, A, Mn;; and

case, the local order was analyzed by Al or AlPd icosathedr%\lgo[Mnx(CrO 91 ]o0, Shows that their local order can

center_e_d on Mn atoms with &mo) _d|_stance of 2.44 A As it also be described bW-centered icosahedra. Therefore, Mn
was difficult to understand why similar Mn-centered clusters

. . . and Cr atomgand also Fe from Ref.)8appear to have a
would have different sizes in & Mn,; ((ro)=2.6 A) and . AL L . . i
Al Pho M5 , liquids with similar Mn contents, further F;gtlcular role in Al-based liquid alloys forming quasicrys
analyses were required. : o L
. . : . - If the stoichiometry of the A}, Mn- - liquid allows one to
hWe 1|‘|rst tried tI(I) tslmulate tlhe b;na}[rhy Ilqlu;d fPdo, accommodate aM atoms in the center of Al icosahedra, this
whose largeR oscillations are close to the AlPGho M7, s hot the case for highevl content. For instance, the pro-
ones(as shown in Sec. )l For this liquid, a simulation based

. . ortion of transition atoms located at the center of icosahe-
on (AlPd),Pd icosahedra, constituted by a central Pd atorrE

ded by 12 at ‘ ttering | traI clusters is only of 67% for the simulation of
surrounded by aloms of an average scattering leng lgg 4 MN,Cr;_,)115 liquids presented in Sec. IVB. If a

0.87a +0.12Dp4, yields a reasonable agreemeig. 8.  \-Al chemical order prevails in the liquid state, a maximum
Note that Al icosahedra centered on Pd atoms are actuallyymber ofM atoms would be expected to be surrounded by
found in theo-AlsPd solid phasé! The first pair distance  an icosahedron, mainly constituted of Al. In order to increase
within this icosahedron(ro)=2.59 A, is found to be iden- the proportion of transition atoms at the center of icosahedral
tical to that of the icosahedron used to describe thejysters, one might either consider that clusters are linked
Algp Mn7 7 structure factofcf. Table Ill for the other param-  petween them as in the phase?? or that the atomic occu-
eters. pancy factors on icosahedral shell sites are less than 100%.
Hence, to account for the Al Pdy, Mny , structure fac-  Both hypotheses lead to simulations in good agreement with
tor, a simulation based on a (AIPdMpjPdMn) icosahe- the experimental structure factors. The knowledge of the
dron, centered on a mixture of Pd and Mn atomsm-M pair distribution function, which could not be deter-
(0.74Dp4+0.258,, on account of the alloy Pd/Mn sto- mined in the present work, would allow one to choose be-
echiometry, was madgFig. 8). The outer icosahedral shell tween both hypothesis.
composition was chosen such that all atoms are embedded in Let us point out that in these liquids, due to atomic mo-

In a previous work we performed simulations at largg
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tions, the geometrical arrangement of atoms cannot be 150
strictly icosahedral. The icosahedron, which is the most com- I
pact and symmetric way of packing 13 atoms, could be the
ideal limit toward which the local structure of these K-
liquids tends. The existence of a distribution of local envi-
ronments can be inferred from the asymmetrical shape of the
first peak of the gam(r) distribution function of
Algg {Mn,Cr; _,)115 liquids (Fig. 4). This has to be com-
pared to thegaw(r) distribution function of theu-phase 100
compounds, whose first peak is narrower and more sym- )

—
'S
<

130
120

110

¥ 10 (emu/mole)

metric with a maximum value at 2.59 A. This value is very 20

close to ther) value(2.61 A) yielded by the large® simu-

lation of Algg{(Mn,Cr;_,)115 liquids. The difference be- 706

tween(ry) and the maximum of thgau(r) first peak(2.65 5

A) in the Algg { Mn,Cr; _,) 11 5liquid may then be explained. pes

Let us assume that the more rigid atomic pairs are those g 0.4

embedded in clusters tending to perfect icosahedra like those s

of the u phases corresponding to the shortest pair distances. i oo

Then the simulation at larg®, which is mainly sensitive to g

rigid pairs, is optimized for dr) distance smaller than the 8 x ()|
maximum of the first peak of thga;(r) which is an aver- z 0.0 X i X L

age distribution of alM-Al atomic pairs. The proportion of 06 02 04 06 08 10

atoms embedded in perfect icosahedra was determined by

Maret et all! through a molecular dynamics study of FIG. 9. Evolution, as a function ok for the different

Algd Mn,(Crp sFey5)1-«1l20 liquids with a reversed Monte AlggMn,Cr;_,)115 liquid alloys at 1343 K, of(a) the magnetic

Carlo method using the pair potentials extracted from thesusceptibility andb) the differential scattering cross section cor-

experimental structure factors. These authors analyzed tiected from incoherent scatteringj(@andan ) at 0.7 A~* (open

structure in terms of Vororiolyhedra, and found that only circles, the calculated #(b% Sg+(0) (crosse} and the difference

22% of the atoms are embedded in perfect icosahedra. Thigtween the twgblack squares

is not in contradiction with the conclusions deduced from

largeQ simulations, which take into account deformed cooling phenomena, would then be expected. This is con-

icosahedral clusters owing to the Debye-Waller factor. firmed by temperature-time profiles recorded during under-
One may wonder what kind of local order occurs in acooling experiments performed on various méb@&tually, a

ternary Ak, Pd,-Mn,, liquid. This liquid gives rise to deep undercooling was observed for melts forming crystal-

stable icosahedral phases, whereas the icosahedral phaseding phases, whereas reduced undercoolings were achieved

the Al-Mn system are metastable. From comparison of thdéor melts forming quasicrystalline phases.

large-Q part of the structure factors, the local order appears

to be different between A Py Mn- 5, and Ak, Mn- 5 lig- ACKNOWLEDGMENTS
uids although they have the same Mn content. To study the
role of Pd atoms, we performed lar@esimulations on the We would like to thank H. Fischer and P. Palleau for their

structure factor of a binary AJPd,g liquid alloy. As results, assistance during the neutron experiments on D4B, H. Klein
the simulation based on icosahedra centered on Pd atorfigr his participation to the neutron experiment on D4B, M.
agrees with the measured structure factor. Then a IQrge-Maret for kindly sending us her experimental data on
simulation of the structure factor of Al;PdyMn;, con-  AlgoNisg and Ak Mn,(CrFe), ] alloys, and J. Bley for
firms that both Pd and Mn atoms are preferentially surfruitful discussions.

rounded by Al atoms on an icosahedral shell. Therefore, in

.th|s AI—Ed—.Mn alloy, the P.d atoms also pla_ly an important role APPENDIX: PARAMAGNETIC SCATTERING

in the liquid structure which is probably linked to the higher CONTRIBUTION

stability of the corresponding solid phases.

In summary, we have shown that a combination of differ- The magnetic scattering has to be subtracted from the
ent structural analyses—patrtial pair distribution function de-differential scattering cross sections measured on liquid
termination and a simulation of the structure factors at largeil gg (Mn,Cr; _,)115 Samples before determining partial
Q values—allows one to obtain information on the local or-functions. The existence of a paramagnetic scattering pro-
der of Al-M liquids. In Al-based liquids forming icosahedral duced byM atoms in these liquids is confirmed by suscepti-
or approximant phases as primary crystallizations, the locability measurements. The susceptibility of the solid phases is
order can be described by icosahedra centereMaioms, very small. A strong increase occurs upon melting, resulting
similar to those found in the equilibrium solid phases. Fromfrom a large fraction of magneti®/ atoms in the liquid
the resemblance of the solid and liquid local orders, a lowphase€® As shown in Fig. 9a), the susceptibility increases
solid-liquid interfacial energy, implying a reduction of under- linearly with the Mn/Cr ratio, since Mn atoms bear a higher
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magnetic moment than Cr atoms. d2G
The measured signal at sm@llis the sum of a paramag- SCC(O)zNakBT/( CMmCal —2) ) . (A4)
netic scattering and of nuclear scattering contributions. Ac- dcy, TP
cording to Egs(1) and(4), the magnetic contribution &
—0 can be deduced by subtracting bothr($%)Ss+(Q For each liquid alloy sample, th&;(0) value was esti-
—0) and incoherent scattering values; @nd oinc.v) from  mated on account d.<(0) ands values taken equal to 0.5
the measured differential scattering cross section. and — 0.6, respectivel§. The isothermal compressibility, de-
The expression of neutron paramagnetic scattering fofined as
noninteracting magnetic atoms can be written as
dwdo 8 _&
g Q= FeurFAQS(SHL), (A1) XT=C i (A9)

wherery,=—0.54x10 12 cm, Sis the spin quantum num- is calculated using the ratio of specific heats at constant pres-
ber of M atoms,cy, their atomic concentration, ané(Q) sure and at constant voluifeequal to 1.15, a sound
their magnetic form factojwith F(0)=1]. Note that, when velocity’®> u=4400 ms! and a densiff} p

two kinds of M atoms are present, the quantity =0.055 at.%A 3 measured for a AjMn,, liquid above
cmF?(Q)S(S+1) should be replaced by the sum of their T, .

contributions. The calculated values for#b?)Sg1(0), and themea-
The limit atQ=0 of the Bhatia-Thornton structure factor sured differential scattering cross section corrected from in-

is given by’ coherent scattering, are shown in Figb® The difference,
5 which is expected to correspond to paramagnetic scattering

4m(b*)Sgr(0) with the assumption thaBg(Q) is constant fromQ=0 to

— 4 (bY2pksT x1+ 47((0) 5— Ab)?CyCaSec(0) 0.7 A1, lies on a straight line fox=0 to 0.745 like the

susceptibility[cf. Fig. 9b)]. For x=1, the resulting value
(A2) departs from this straight line, probably because the first
where y7 is the isothermal compressibilitys a dilatation ~ Peak of the structure factor also contribute€at 0.7 A™%.
factor defined by: The paramagnetic scattering was evaluated in this case by
extrapolating the straight line to its valuexat 1. According
1/ 0V to Eq. (A1) and using the theoretical magnetic form
= v(m) (A3)  factof2*3 of Mn2* (Mn and Cr magnetic form factors are
T.p very closg, we determined a paramagnetic contribution
and Scc(0) is related to the Gibbs energy and Avogadro  which extends up to about 6 A& and subtracted it from the
numberN, by total structure factors of the & { Mn,Cry )11 5 liquids.
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