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Angela Trapanant# and Andrea Di Ciccb?
Iistituto Nazionale per la Fisica della Materia (INFM) and Dipartimento di Fisica, Universita degli Studi di Camerino,
Via Madonna delle Carceri, 1-62032 Camerino (MC), Italy
2Istituto Nazionale di Fisica Nucleare (INFN), Laboratori Nazionali di Frascati, Via E. Fermi, 40, 1-00044 Frascati (Roma), Italy
(Received 12 November 2003; revised manuscript received 23 March 2004; published 6 Jyly 2004

Local structure of binary mixtures has been usually determined by diffraction techniques. In the past few
years the analysis of x-ray absorption spectroscopy data has been proved to be a powerful tool for an accurate
determination of the structure of solid and liquid systems, complementary to x-ray or neutron scattering
methods. In this paper we report about a procedure to extract pair correlation functions of liquid and disordered
binary mixtures from x-ray absorption fine struct@)¢AFS) data, satisfying both long-distance behavior and
long wavelength limit of Bhatia-Thornton structure factors. An application to accurate XAFS data collected on
a CuSn binary metal alloyCu6Sn3 is reported and compared with existing models.
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I. INTRODUCTION atomic environment of a selected atomic species simply by
tuning the energy of the incoming beam aroundKkitedge.
Binary metal alloys are a wide class of materials, with a However determining pair distribution functions from a

variety of structural and electronic properties determined byset of XAS data is a challenging problem especially for mul-
the different solubility of the individual components. While ticomponent systems. The current strategy for the structural
solid metal alloys are relevant to numerous technologicalefinement from XAS data requires modeling of the distribu-
applications (coils for hybrid magnets, electrodes, lifting tions as a superposition of distinct peaks whose parameters
contacts, dental materiagJsnolten alloys are especially inter- are fitted to the experimental spectrum. This strategy is
esting from the point of view of basic physics. Indeed aadoptede by the GNXAS multiple-scattering data-analysis
detailed knowledge of their structural properties and in parMéthod® and has been extended to include multiedge struc-

ticular an accurate investigation of their short-range correlalUra! refinementsin multicomponent systems for an accurate

tions could be essential to understand interactions betweeqfter.m'nat'o.n of the local environment of the different
atomic species.

d|ffedr$_nt cherr]rgjl?a: tsﬁ e(é'e\‘j’ llmdr?]r t:termr?f );n?r?rl](l: eqlilllrl:])trilulm In highly disordered systems, peaks overlap in a continu-
conditions and for the development otinteralomic potentiais,, s proadened distribution showing usually a distinct first

In spite of their interest, very few experimental studies, oy corresponding to closest-neighbors distance. While the
have been devoted to reveal the type of short-range order igyjication of a peak-fitting strategy, limited to the first peak
binary alloys. A typical question to be answered is whetheig stjl| reasonable, it has been shown that a strong correlation
these systems will phase separeitee atom nearest neigh- petween coordination numbers and shape parameters of the
borg or order(unlike atom nearest neighbors model distribution can lead to misleading results if the fit is

In a binary mixture, the set of three pair distribution func- performed without constrainf<®
tions g,4(r) necessary for a complete description of two- A simple but rigorous method overcoming this limitation
body correlations has been usually determined by diffractiorusing physical constraints into a still model dependent peak-
techniquegsee Ref. 1 for a revieyvNeutron diffraction pro-  fitting approach has been introduced for monoatomic
vides information on both short-range and long-ragggr) system8& and extended to ionic binary liquids.
properties, but its application is limited to systems for which  The purpose of this paper is to report a new scheme to
a complete set of contrasting isotopes is available. Moreoverefine partial distribution functions, starting from a set of
these experiments are expensive and time consuming hindeealistic pair distributions provided by computer simulations
ing the performance of systematic studies on the evolution ofr diffraction experiments, which fully generalize this suc-
structural properties as a function of thermodynamic vari-cessful approach to liquid and disordered binary systems.
ables(pressure and/or temperatyi@ concentration. This method allows us to refine the short-range peaks of a set

In the past decades the x-ray absorption spectroscopyf model partial distribution functions with constraints de-
(XAS) has been proved to be a powerful tool for an accurateived from long-range properties of the mixture, as the long-
determination of the structure of liquid and highly disorderedwavelength limits of Bhatia-Thornton structure factdfts.
material§ even under extreme high-pressui@nd/or high  This approach is not limited to melts of metal alloys, but it
temperature conditionésee Ref. 4 and references thejein can be applied to all binary liquids and possibly extended to
Modulations of the absorption cross section above a deetheir disordered solid phas¢amorphous, glasses, etdor
core level excitation edge allow one to investigate the enviwhich experiments are feasible, but a valid data-analysis
ronment of the photoabsorber in a range limited by the phomethod is still missing.
toelectron mean free path. One of the most appealing fea- Here, the method is applied to determine the local struc-
tures of the XAS technique is the possibility to determine theture of a liquid Cu6Sn5 alloy, for which accurate XAS spec-
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tra have been measured and valid starting models can libree partial pair distribution functiongaa(r), ggg(r), and
found in the literaturé®12 gag(r), are associated with two independent set of measure-
The paper is organized as follows. In Secs. Il A-Il B, thements(ya(k)) and(xg(K)) involving the two different chemi-
background to the analysis of XAS spectra of liquids is re-ca| species. Moreover, different core levels of the same atom
ported. In Sec. Il C, the scheme for the analysis of binaryean be measured and analyzed simultanedusly.
mixtures is described in detail. Its implementation in the | highly disordered systems, like amorphous or liquid
framework of GNXAS is discussed in Sec. Il D. In Sec. lll, substances, peaks are merged in a broadened distribution
the application to a liquid Cu6Sn5 alloy at 1073 K is re- with a well-defined closest approach distance and asymptotic
ported and results regarding its local structure compared with_, « |imit 0.4(r)=1. The application of the peak-fitting ap-
that of component metals are discussed. Section IV is degsroach seems still reasonable, as the short-range nature of the

voted to concluding remarks. technique makes the total signal dominated by the contribu-
tion corresponding to the first peak of the distribution. How-
Il METHOD: XAS REFINEMENT OF MOLTEN BINARY ever i_t he_ls been provéd that strong correlations be_tween
MIXTURES coordination number and shape parameters can easily lead to
unphysical results, such as unacceptably low coordination
A. Background numbers and narrow widths of the first peak.

In a multicomponent system, XAS oscillations above the A suc.cessful apProaCh to tapkle this prqblem is to intro-
edge of a given photoabsorbing atom contain information offfUc€ suitable physical constraints accounting for the long-
the pair distribution functions associated with all of the at-'2N9€ properties of the disordered system, to which XAS is

: ) : not sensitive. A rigorous method to introduce physical con-
oms surrounding the photoabsorber.yﬁﬁ(k,r) Is the XAS straints into a still model dependent peak-fitting approach

signal corresponding to a single atom pait distance, the  has been introduced for a single component sy&temd ex-
total pair signakx,(k)) associated with the XAS core level tensively applied in the past few years. The essential steps of
spectrum of the atom speciesis given by an integral in- the method are reported below.

volving the corresponding distribution functidds

® 2 B. Constraints for the short-range structure of monoatomic
B Jo

The refinement procedure proposed in Ref. 8 starts from a
wherek=2m(E-Eg)/% is the modulus of the photolectron realistic modely(r), provided by complementary techniques,
wave vectorn(E, is the threshold energy which is supposed to have the correct long-distance behavior

The extraction of pair correlation functions from a set of lim, .. g(r)=1 and the proper compressibility limit
XAS data is a rather complicated problem, as a simple Fou- B _
ger:nr 'i_ransform gives a radl_al function containing phase and lims() = lim [1 +47Tpf Fg(r) 1]sln(qr)dr _ P_KT’
plitude modulations which does not correspond to a realy .o g0 0 qr B
g(r) distribution even in the simplest case of monoatomic
systems. The current “peak-fitting” strategy for the structural 2

refinement of XAS data consists in modeling the distribu-whereKj is the isothermal compressibility ange= (kgT) ™.
tions as a superposition of successive peaks associated Withere ¢ is the scattering wavevector modulug
the neighboring atomic shells, depending on structural pa=44;/\ sin(6/2).

rameters which are optimized to the experimental spéctra. The g(r) can be generally decomposed into a short-range
Non-Gaussian model distributions have been introduced tBeak plus a long-range tail which is kept fixed during the
account for the increased disordét This approach re- yefinement as it involves distances to which x-ray absorption
quires that each of the radial distribution functions is com-tine structure(XAFS) is not sensitive. Floating parameters
posed of isolated peaks and it is clearly appropriate for molyefining the short-range peaks are constrained in order to
ecules or crystals. An advancegrsj) method, denominateghsintain the compressibility limit2) while g(r) [and the
GNXAS, for computing the XASy,4(k,r) n-body signals  correspondings(q)] is changed to achieve the better agree-
and their averageisee Eq(1) for two-body term$has been  ment with the experimental signal. Expanding the variation
developed and applied extensively in the last decade. Detal|§s(q) [corresponding to a changsg(r) in the pair distribu-

about the computational techniques and structural refing;gp, functior] in a Taylor series abowd=0, one obtains the
ments can be found in the reference GNXAS papérs. following set of constraints: '

A development relevant to the present study has been the

extension of the GNXAS data-analysis method to combined P MAS(q)
multiedge refinementswhich opened the way to a robust W
structural XAS data-analysis in multicomponent systems. In

practice, the refinement process can include all of the XASA practical and efficient way to implement these constraints
signals({x.(k))) measured for each atomic species and corén the framework of the GNXAS approach is to decompose
levels of a given sample using the corresponding distributiorihe initial g(r) model into one or two short-range peaks plus
functions[g,,(r)]. In a binary mixture or compoundB, the  a long range tail

) =0 471'pfOo r2+Z“Ag(r)dr =0. (3)

=0 0
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47prg(r) = Nlpl(r|Rl,g§, B1) +N2p2(r|R2,g§, Bo) spondence between Bhatia-Thorntqn and Faber-ijan for_-
’ malisms can be established comparing total scattering ampli-
+ 4pregy(r), (4)  tudes from a binary mixture expressed in term of each of the

where p;(r|R;,0?, ;) is a normalizedI-like distribution ~ Structure factors sets. It results t84(q), Syv(d), andSy(q)
function1415The sum of these three contributions will give are related to th&(q), S,(q), andS;z(q) by the following

the total two-body XAFS signal. equations:
During an actual XAFS structural refinement the tail con- _ 12
tribution g(r) is kept fixed. The refinement of the short-range Sun(@) = C1511(A) + C25,2(0) + 2(C162) 510,
peaks is performed with constraints, resulting from E). 1o
for m=0 andm=1. Sd@) = €16[C:S11(0) + €:S,5(9) — 2(€1C,) " “S(a) ],
Ny + N, = N©t
C—C
Sud@) = ¢16;| Sia(q) — SyQ) + (CC—UZSLZ(Q) . (8
Ny(RE + o) + No(RG + 0%) = M3, (5 12

The long-wavelength limits of the Bhatia-Thornton structure
factors have a simple physical mearihgepresenting mean-
square fluctuations in the number of partic{€SN)?), in the
concentration(Ac)?) and in the correlation between the two
fluctuationsAc and AN=AN;+N,

whereN® andM5" are the total coordination number and the
total second moment of the matter distribution aboaD
associated with the two short-range peaks.

C. Extension of the method to molten binary mixtures

As far as the structure of a binary mixture is concerned, a Sun(0) = {((AN)?)/N = (N/V)kgTK7 + 6°S.4(0),
set of three partial pair distribution functions describing cor-
relations between each couple of atomic species is required. PG
The methodology introduced for monoatomic liquids cannot Sed(0) = N((Ac)?) = NkgT (—2> ,
be applied to the refinement of the three-partial distributions I /1PN
as the long-wavelength limi2) is not valid for each of the
S,p(0) separately. The isothermal compressibiliKy is re- Sue(0) =(ANAC) = - 65.(0), (9)

ISate(?ll)tob;hteh1;) ?3|\cl>vv3?/ne$eg§lﬂgtli'g:i§ of partial structure faCtorsWhere Ky is the isothermal compressibilitg is the Gibbs
o3 .

free energyP is the pressure, and is a dilatation factord
) Sll(q)SZZ(q) - ﬁz(q) =(U1_Uz)/[C1U1+(1_C1)U2]=N/V(Ul_l)2) where 25} and %]
| @Lel-0] = pkgTKr. (6)  are the partial molar volumes per atom of the two species
a0 Sl AC1 ¢ defined byv,=(V/ N, @B=1,2. Explicit forms for
Since this relation involves the thr&(q) simultaneously, the S.(0) have been derived by Bhatia and Thorribfor
it is not useful to obtain constraints on the partial pair distri-different types of solutions.
bution functions. This is the mathematical consequence of Physical constraints on the partial pair distribution func-
the fact that partial distributions are all embedded in detertions, can be derived from the three long-wavelength limits
mining long-range properties of the alloy, and each of theof Bhatia-Thornton structure factors reported in E(@).
gas(r) cannot be refined independently from the others. ASince the correspondingyn(r), gne(r), andged(r) distribu-
particular case is represented by two-component charged ligions are linear combinations of tlggs(r), g,,(r), andg;,(r)

uids, as for example molten salts. In that case, @gstill  functions, we can obtain from E¢9) a set of constraints on
holds, but requiring full screening in the Coulomb field, it linear combinations of these three distributions. The XAS
simplifies td’ refinement ofg,(r) will modify only the shape of their

. N = _ _ short-range peaks, while maintaining unchanged the long-
L'T()[leﬂ(q) =NV21Z5S1A0) = Z,5A0)] = pksTKr. (7) range limit of theg,4(r) and of the corresponding Bhatia-
o ) Thornton structure factors. The fundamental hypothesis of
It follows from these limits that each partigl,z(r) can be  qyr construction is that the right-hand side of E@.is not
refined independently from the others extending the conaffected by a change in the short-range side of the partial pair
straints originally derived for mono-atomic systems. The vagjjstribution functions similarly to the monoatomic c&sea-
lidity of this approach has been tested in a wide class ofameters defining the short-range peaks of the partial distri-
ionic'® and super-ionitbinary salts. bution functions can be then refined using the experimental
For the general case of binary alloys we propose a refinespectra, providing that differences in the structure factors

ment strategy. Thermodynamical properties of binary mix-g(q), Sy.(a), and S,((q) induced by changes of the pair
tures are directly related to a set of three structure factorgistribution functions do not alter theg=0 limit:

Sin®), S(g), and Sy(q) introduced by Bhatia and
Thornton!® These functions describe correlations between o
fluctuations in the total number of particlal between fluc- 1M ASu(@) = lim4mp

. . . . a0 q—0
tuations in concentration and cross-correlations betweBin
and c irrespective of the atomic species. Complete corre- +2C1C,A0:(1)} =0,

* sinqr
drr? qrq {C%Agu(r) +C§A922(r)
0
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* sinqr
|imA5cc(Q)=|im47TpC§C§f drr?> ] {Ag14(r) + Agyy(r)
q—0 q—0 0 qr

—2AQ;(n)} =0,

” singr
limASy(q) = Iim41-rpclczf a2 ()
g—0 q—0 0 qr

— CAQL(r) + (C;—C1)AQy(r)}=0. (10

These conditions of invariance of the Bhatia-Thornton struc-
ture factors neag=0, can be exploited to obtain useful
physical constraints for the structural parameters defining the
short-range structure, following the same strategy adopted
for the monoatomic caseas illustrated in the next section.

D. Constraints for the short-range structure of binary
mixtures

Let us suppose that each initial modgl(r) can be de-
composed into two short-range peaks plus a long-range tail.
Any functional form allowing to reproduce the shape of the
first peaks of the distributions, depending on a limited num-
ber of parameters and with defined even order momenta
aboutr=0 can be arbitrarily chosen. A suitable model func-
tion, able to account for asymmetric bondlength distribu-
tions, is the so-called-like function'*'>depending only on
three parameteiR, o2, and3 representing average, variance,
and skewness of the distribution. This function has bee
proved to be an efficient choice for modeling pair distribu-;

PHYSICAL REVIEW B 70, 014101(2004

I
2, [eiNd; + ¢oNb, + 20N, ] = Mg,
j=l
I
> [e1GaNY, + cieNb, — 2¢3C,N), ] = M8,
=

I
E [CchN];I_l_ C]_CQNJZZ - Cl(CZ - Cl) NJ]_2] = Mg,
j=I
I
> [ciNL (R + 012) + CoNbo(Rb, + 0,%)
j=I
+2c;NL(RLZ + 0),2) ] = M5,

I
2N (Dl 24 o 2\ a2 N (Dl 24 2
> [C1ENY (R + 01%) + CICNL(R,* + o),
j=l
2 N (Bi 24 0 27— B
- 2¢1C N (RY,” + 01,)] = My,

I

i (D 24 2 i (ol 2. 2
> [C1CoNL1(RY ;1 + 01%) = C1CNby(RL, + 0byY)
j=l

- ci(c— cNL(RL2 + 03D ] = MS, (12

Where M5, ME, MS, M5, M5, and MS are linear combina-
ons of zero- and second-order momenta of the functional

TOVE ne - o :
tion in both solid$® and liquids* but the method applies to ¢4g modeling the short-range peaks of the pair distribution
any other functional model able to account for deviationsy,nctions. These quantities are calculated for the model dis-

from the Gaussian distribution or the Gaussian model itself
Constraints on parameters defining the short-range pealﬁ
can be easily deduced from H@.0), writing a Taylor expan-
sion of ASyn(0), AS.((0), andAS(q) aboutq=0 as shown
in Sec. Il B. Modeling short-range peaksladike functions,
the set of model distributions can be written as follows:

tributions and then kept fixed during all the XAS refinement
ocedure, as they maintain the long-range behavior of the
distribution. At each step of the minimization, structural pa-

rame_terstatﬁ, al,5%, andl,; are floated in order to minimize
a residual functi |
coordination numberd! , which satisfy the correct long-

on, and tﬁe syst&t®) is solved calculating

AarpirPgy(r) = > lelpju(r|Rj11a 0J112aﬁj11) +4mpyr2ghy(r),
j=I

I
AmrporPg(r) = 2 szzpjzz(r|Rj221 O'j222,,3j22) + 47TP2r29t22(r),

range limits for the pair distribution functions.

Ill. APPLICATION: THE SHORT-RANGE STRUCTURE
OF MOLTEN Cu6Sn5

The constrained-refinement procedure described in the

=l previous section has been applied to a molten Cu6Sn5 alloy
at 1073 K. In this section, we report this analysis showing
I the main features of the approach and its capability of giving
Amrporgyo(r) = 2, NLpL (1R, 01,2, B, ) + 4arpor?ghor), reliable results on the structural refinement of liquid binary
j=I mixtures. Thermodynamical and structural properties of lig-
(11)  uid Cu-Sn alloys have been extensively investigatedThe
) ) _ ) partial structure factors of molten Cu6Sn5 have been deter-
where pl,(r|R.;, 05,8, are normalized -like functions  mined by isotopic substitution neutron diffracti&hin Ref.
depending on three shape parameters. In(Eg.each partial 11, partial structure factorS,4(q) and corresponding distri-
pair distributiong,,(r) has been decomposed into a sum ofbution functions were derived by x-ray scattering. Partial in-
two I'-like functions p'aﬁ, p'D[ﬁ, and a long-range taty;ﬁ(r) terference functions were obtained from the total intensity
which is kept fixed during the XAS refinement process.  scattered by alloys of different concentrations assuming the
Writing this decomposition in Eq10) we obtain the fol-  partial structure factors to be concentration independent. It
lowing system of constraining equations, corresponding tanust be stressed that this hypothesis excludes any possibility
terms with m=0 and m=1 in the Taylor expansion of of investigating the changes in the composition of local
AS\NT), AS.(g), andAS(q) aboutq=0: structure as a function of concentration.
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A. Experimental details

Cu6Sn5 alloys were produced mixing high purity CuO
and SnO oxides powders, in the appropriate weight ratios tc
obtain the proper 0.545 at. %-Cu concentration. The mixture —
was finely ground, mixed with inert graphite powdér10 i
weight ratig, and then pressed into pelletghickness o<t
~1 mm). Pellets were heated in high-vacuum up to 1400 K. ™~
Copper and tin oxides decompose around 900 K forming’rg
metallic particles which alloy completely in the phase dia- 7
gram region above the liquidus curve. X-ray diffraction mea- 4
surements showed that the final samples were a dispersion ¢
alloy particles, with a narrow spreading around the average
concentration. High temperature measurements were pel
formed using a high vacuum special furnadéAquila-
Camerino ovel) designed to collect XAS spectra and x-ray
diffraction (XRD) patterns at high temperatures. XAS spec-
tra were collected at Cu and SiK-edges at the
ESRF-BM2$° and LURE-D42 beamlines. The availability
of spectra at both edges allows a simultaneous double-edge ri. 1. comparison between XABy2(k) signals calculated

refinement of the pair distribution functions. from the partial distribution functions provided by XRRef. 11)
(solid line), and experimental signajdoty measured on Cu6Sn5 at
B. Data analysis and results 1073 K. The top and bottom panels refer to Cu and Sn-edge XAS

. . | tively.
The structural refinement was performed assuming the sSfonas, respecively

of geusdr), Geucdr), andgsns{r) measured by XRORef.  analysis has been carried out within the GNXAS method,
11) as a starting model. We note that, @s-0, the set of which is based on a minimization of)&-like residual func-
partial structure factors measured by XRD extrapolates tdion in the space of structural and background parameters.
zero in disagreement with the thermodynamic restits. Standard procedures suitable for nonlinear fitting problems
However XAFS is only sensitive to short-range ordering andare used to obtain best-fit estimates for structural parameters.
therefore we cannot provide a new measuremert,f0) The physical constraints derived in Sec. Il D have been
from XAFS data, but just constrain the refinement to keepmplemented in the fitting routingfitheo) of the GNXAS
constant the long-wavelength limit of a given modpto-
vided by XRD in the present casavhich is assumed to be
correct in describing medium and long distances.

As a first step of data analysis, the compatibility between
the experimental signal and the starting model has been veri
fied. For this purpose, two-body? (k) signals were calcu-
lated using the multiple-scattering code GNXASand av-
eraged over the set of XRB@)'s through Eq.(1). The 0
comparison is reported in Fig. 1. The top and bottom panels —_

¢ ¢ ¢ XRD
Tail
— Fit

2

gCuSn(r)

~
I—-I--I\PJLlllllllllll

refer, respectively, to Cu and Stredge XAS signals. It is \&_../ L
evident that signals associated with the mogsllid lineg S 2
roughly reproduce the main features of the experimental sig- g i
nals (doty. However, phase and amplitude differences indi- Q‘g i

cate that the shape of the first peaks can be refined exploitin L
the sensitivity of XAS to short-range details and its comple-
mentarity with scattering techniques.

For the purpose of the structural refinement, model distri-
bution functions were decomposed according to the proce:
dure reported in Sec. Il D. The adopted decomposition is
shown in Fig. 2. Each partial distribution function has been
decomposed in a superposition of tWelike peaks plus a
long-range tail, as indicated in E¢L1). The Sn-Sn distribu- 0] £
tion function gs,g{r) can be reproduced using twlo-like 2 3 4 5 6 7
peaks while Cu-Cu and Cu-Sn distributions can be definec r (A)
using a single dominarit-like peak. The structural refine-
ment was performed as described in Sec. II D, floating the FIG. 2. Decomposition of the XRIRef. 11 distribution func-
structural parameters associated with the peaks of the deconisns (diamonds in two short-rangd -like peaks(dashed linesand
position, throughout the minimization procedure. Data-a long-range tailthin solid line.

Illl-l.\vl.lllllllllllllll

(r)
>

g SnSn

2

014101-5



ANGELA TRAPANANTI AND ANDREA DI CICCO

PHYSICAL REVIEW B 70, 014101(2004

T T I T T T T T T T T T T | T T T T I T T T T B T T T I T T T T I T T T T | T T
Ww — Fit ~~ - XAFS
....... e X
Cu—Cu (II peak) Expt \-é - eooe XRD
Sn—Sn (I peak) % i
AN 5
- Sn—Sn (Il peak) Q0 i
°I<ﬁ Cu-Sn (I peak) ,\/\/\/S\n;gl/w(lpeak) 0 - Leoi2/ |
—_ Cu—Sn (I peak) Sn—Cu (I peak) ’i? : """"
) ~ oL
._*>4.< Cu—Sn (tail) Sn—Cu (tail) (;)’ 2 i '
_Cu (tai S
Cu—Cu (tail) an R .
Sn—Sn (tail) [ oA
] o.025 A
) ~~ -
s ¢ &~ A
Cu K—edge | Sn K—edge \é 2
1 1 | 1 1 L 1 | 1 1 1 1 1 1 | L 1 1 1 | 1 1 1 1 % :
5 10 5 10 i
k (A7) o T
0 L L L L |
FIG. 3. Cu(left pane) and Sn(right pane) K-edge XAS experi- 2.0 2.5 3.0 3.5
mental signalgExpt) of Cu6Sn5 at 1073 K, compared with the r (A)
best-fit signal (Fit) obtained from the refinement ofic,g(r),

Jeucdr), andggpg(r) first peaks. The upper curves are the contri-
butions associated with the individual two-body terms of the de-
composition. The agreement is very good.

FIG. 4. Comparison between distribution functions as obtained
by XAS data analysigsolid line) and previous XRD modet(dia-
mond9. Theg(r)’s of pure Cu and Sn measured by XA&otted

suite of programs. In particular, the linear combinatibfy ~ are also shown for comparison.

ME, MS, M5, M5 and MS, as well as concentration, : :
_ 1< - Parameters obtained from the best-fit were used to recon-
=0.545(andc,=1-c,) [see Eq(12)] have been kept fixed to struct the short-range side Gbus(r), Gouedr), anNdgensdT)

the value calculated for the model distributions during all the> =~ ' . i JonSn
refinement procedures. At each step of the minimizationdistribution functions. Reconstructed partial distributions

structural parameters defining peaks of the decompositiof!id line) are compared with the XRD starting modella-
are floated in order to minimize the difference between thdnonds9 in Fig. 4. It is clear that thegc,cr) and gsnsdr)
simulation and experimental data and the sysi@®) is distributions differ from the original model, especially on the

solved to obtain coordination numbe , which satisfy the ~ Short-distances side, to which XAS is exceptionally sensi-
correct long-range limits for the(r)’s. Parameters associ- tive. The first maximum and the foot of tiy,s(r) distribu-
ated with the second peaks of tigg,s(r), Joucdr), and tion are shifted about 0.1 A toward shorter distances, indi-

gsnsidr) distributions were kept fixed as the correspondingC@ting that the Sn-Sn average bond length and the
signals give a negligible contribution to the total XAS sig- corresponding closest approach distance are affected by the
nals. Also the tail contribution was kept fixed, as it involves Presence of Cu atoms. Similarly, the rise of fagcyr) peak
distances to which XAS is not sensitive. In this way, theiS steeper and shifted to longer distances while the most
floating structural parameters are only 9. In Fig. 3 our best-fiprobable Cu-Cu bond length is slightly shorter with respect
results are reported. The upper curves in each panel are tite the one measured by XRD. However, the first peak of the
ky?(k) signals corresponding to the individual two-body 9cucdr) distribution is clearly shifted toward longer dis-
terms of the decomposition. Clearly, the dominant contributances with respect to that of pure liquid Cu as measured by
tions are those associated with the first peaks of each of théAS (dotted. A similar shift in the opposite direction is
g(r)’s. The main frequency and amplitude of the experimen-Observed for the firsgs,s{r) peak (lower panel as com-

tal signal(Expt) are accurately reproduced. There is a slightpared with the XRD starting data and with that of pure Sn
mismatch between experimental and two-body calculatefieconstructed by XAS at much lower temperat(s&0 K,
signals observed especially at the Cu K-edge around’s A dotted ling. The gcys{r) short-range distribution(upper
that corresponds to a very weak high-frequency contributiompanel of Fig. 4 is slightly higher but qualitatively similar to

at both edges. This tiny residual oscillation can be tentativelyhat found by XRD.

assigned to a weak multiple-scattering collinear signal asso- The Scysd{@), Scucd @), andSsps{q) calculated by Fourier
ciated with Cu-Sn-Cu triplet configurations as we verified byback-transformation from thgc,sdr), dcucdr), anddsnsdr)
direct comparison with three-body calculations. In any casereconstructed by XAFS, have been compared also with the
the quality of the two-body refinement indicates that the conND structure factor$? The curves are compatible within the
tribution of three-body signals in our data is practically neg-noise level and the uncertainties associated with applying
ligible. Fourier inversion.
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Looking at these results, it is clear that the shape of thépeak-fitting” refinement of the three partial pair distribution
Jeucdr) and ggnsdr) is affected by the presence of unlike functions defined for a binary liquid. The constraints on the
atoms and therefore the assumption of independence ditructural parameters defining the first-neighbor peaks are
atomic concentrations at the basis of previous XRD stdtlies obtained using the long wavelength limits of the Bhatia-
is not confirmed. The effect on the first-neighbor distances off hornton structure factors. The use of the constraints
like atoms is of the order of 0.1 A, quite important as com-strongly reduces the uncertainty in the shape of the recon-
pared with the difference in the average distances of the pu@tructed distribution functions, which are forced to Satisfy the
elements(about 0.6 A. Clearly, the relative size of the Sn Pproper long-distance behavior and thermodynamic limits.
and Cu atoms and their different interatomic average d|sTh|S method is applled to reconstruct the local structure of
tances play a role in determining the structural properties ofh€ Cu6Sn5 binary alloy, for which pioneering neutron dif-
the mixture. While the detailed explanation of this effect isfraction measurements with the isotope substitution tech-
beyond the scope of the present paper, it is important t@ique and accurate X-ray diffraction data are available. The
remark that a deep structural insight about local atomic corapproach is shown to be successful in obtaining a very accu-
relations can be obtained by application of the XAS datarate simulation of the XAS data using previous diffraction
analysis method presented here to accurate multiple-edg€sults as a starting model. The Cu-Cu and Sn-Sn first-
data of binary alloys. The combined use of XAS and XRD orheighbor peaks of the partial distribution functions have been
ND data makes it possible to obtain a very accurate recorfound to shift with respect to the original positions in the

struction of the details of the local structure of binary disor-pure Cu and Sn melts. Average first-neighbor Sn-Sn dis-
dered alloys. tances are found to be shorter than in pure Sn, and a shift in

the opposite direction is found for Cu-Cu pairs. The like-

unlike Cu-Sn distribution is located at intermediate distances

and is found in good agreement with previous works. These

The problem of a reliable determination of the local struc-results indicate that the assumption of independence on

ture in binary mixtures using the x-ray absorption spectrosatomic concentrations used in previous XRD studies is not
copy has been tackled taking into account the previoudully justified. In fact, the shape of thgcycr) anddsnsdr)
knowledge, mainly related to neutron and x-ray diffractiondistributions is affected by the presence of unlike atoms with
results, and several recent advances in the field. In particulaa, clear shift of the first-peak of about 0.1 A, quite remark-
the use of multiple-edge XAS structural refinement is showrable as compared with the difference in the average distances
to be able to provide accurate structural information abouin the pure liquids(~0.6 A).
the short-range partial distribution functions. However, in a These results show that the x-ray absorption spectroscopy
disordered system such as a liquid alloy, it is essential tgXAS) is a powerful tool for an accurate determination of the
combine the long-range structural information obtained bystructure of disordered binary alloys, complementary to
diffraction techniques with the accurate short-range XASx-ray and neutron scattering techniques. The method and ap-
sensitivity. In a monoatomic liquid, this results in a set of plication presented here are intended to provide a reference
constraints for the shape of the first-neighbor peak of theletailed study for future application on multicomponent dis-
distribution. In this paper, we have developed a constrainedrdered systems.

IV. CONCLUSIONS
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