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X-ray-absorption fine structuréXAFS) and x-ray-diffraction(XRD) measurements of disordered alloys
Au,Cu, _, and Ay sAggs prepared by melt spinning were performed. In the, 4Ag, s alloy, no significant
local deviations of the atoms from the average fcc lattice were detected while @ufu, alloys, significant
deviations of atoms from the average fcc lattice were found. Mean-square vibrations of the Cu-Cu distances
revealed by the XAFS in AICy, _, alloys indicate the weakening of contact between Cu atoms in the dilute
limit. Our computer simulation for AlCy, _, clusters of 1B atoms reproduces the main features of both the
XAFS and XRD data.

[. INTRODUCTION elastic strain induced a tetragonal distortion, splitting the
bonds differently in different growth direction. In the
As a result of our extended study of mixed ionic salts withdiamond-based binary G®i;_, alloys strong compositional
atomic size mismatch: RbBr-KBr? RbBr-RbCI}=® and  dependencéinear, within the experimental uncertaintiesf
AgBr-AgCl,* strong deviations of théocal structure from Ge-Ge and Ge-Si bonds also has been recently meaSured.
the averageone were obtained using the x_ray_absorptionThe issue which has Iong remained unclear, whether Si-Si
fine-structurg XAFS) technique. In all the cases, equilibrium bond length exhibits the same compositional dependence as
atomic positions were found to be shifted from the periodicothers, has been recently addressed by Auwdral™® The
crystalline sites, ascertained by x-ray diffractiotRD). The ~ authors obtained that the longer Ge-Ge bond length has
structural refinement of XRD data as commonly done ig-Stronger compositional dependence than that of the shorter
nores the presence of local disorder and determines only thei-Si bond. The departure from the virtual crystal approxi-
average periodic structure with the rms disorder about crysmation (VCA) model also has been experimentally con-
talline sites. XAFS is not biased against disordered contribufirmed recently for the semiconductor alloys with wurzite
tions since it is sensitive to the local distribution of atomsstructuret!
(within 10 A) around the absorbing atom. XAFS therefore ~ To understand whether the difference in bond lengths ob-
solves the local structure with equal facility whether or nottained for different systems with ioni¢the case of mixed
the actual structure is periodic. Interatomic distances, buckalkali and silver halide saltsand covalentsemiconductor
ling angles(angular deviations of bonds from collineadity alloys) bonds exists in the case of metallic bonds as well, we
and local compositions in mixed crystals were obtained ushave prepared a series of disordered metallic alloys with
ing advanced methods of XAFS analydab initio code large (AyCu_,) and small (AyAg;-,) atomic size mis-
FEFFG Ref. 5 and data analysis packagexAFs, Ref. 6. match and analyzed their structure by both XAFS and XRD.
Analysis of a mixed system of ionic salts RRBt,_, at A simple semiempirical computer simulation reproduces the
concentrations throughout its full range has revealed a ba-distorted atomic structure in AGu,_, determined by our
sic asymmetry between larger and smaller atoms’ behdviorexperimental data.
the expansion of the shorter pair distar{&®b-Cl) with in- The outline of the paper is the following. Details of the
creasing concentration of Br is found to be greater than th&elt-spinning method of sample preparation, XRD and
contraction of the longer distand®b-Br with increasing XAFS measurements are described in Sec. Il. XAFS data
concentration of Cl. This asymmetry may be attributed to thednalysis results are given in Sec. lll. An algorithm and re-
difference between attractive and repulsive branches of intesults of the computer simulation are briefly presented in Sec.
atomic pair potentials in these ionic salts and a qualitativdV. Discussion and conclusions are given in Secs. V and VI,
explanation of local structure changes with concentration hagespectively.
been suggestet.
Recept XAFS study by Woicjlet al of bond-length dis- Il EXPERIMENT
tortions in bulk unstrained semiconductor alloys, Gdn,As
with zinc-blende structure demonstrated that the distortions The series of disordered metallic alloys 8w, _,, which
of the In-As and Ga-As bonds are equal, but opposite, withimormally separate below 600 K, and £4gy5, Which are
the uncertainties, in agreement with previous measurementsiscible at all concentrations and temperatures, were pre-
by Mikkelson and Boycé.For the same alloys epitaxically pared by the melt-spinning method. High purity /998.95%,
grown on different substrates, however, it was found that th&Sigma, IsraglAg, and Cu(both 99.99%, Holland-Israel Cpo.
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metals were initially melted together in vacuum in a quartz a) Au Lj edge
1 T I 1

tube to form their respective alloys. Rapid quenching was 0.25 1 '
achieved by pouring of a melt on a fast rotating copper drum. 02
. . . 0.15

The estimated cooling rate was approximately }J'sec. ~ o
The compositions of our samples were established by energy °I< 0 65
dispersive x-ray spectroscopy in a scanning electron micro- = 0
scope. L 0

XRD data were collected in the 30—120®2range with En 01
CuK, radiation on the®:® powder diffractometer “Scin- 015
tag” equipped with a liquid-nitrogen-cooled Ge solid-state 0.2
detector. Peak positions and widths of Bragg reflections were -0.25
determined by a self-consistent profile fitting technique with
Pearson VIl functiort? Contributions of theK ., radiation
were subtracted from the total profiles, the obtained results b) Cu K edge
correspond to only th&,; component oK, doublet. Lat- 0.5 —— T g, —
tice constant computation was carried out by reciprocal- 0.4
lattice parameters refinement. The XRD analysis established 0.3
the homogeneity of the alloys. No trace of phase separation f“ 0.2
or superstructure was observed for all the concentrations. < 01

The conditionA ux<1, wherex is the sample thickness = 9
andA u is the absorption edge step for Ay, Ag, or CuK = 01
edges, was used to calculate the proper thickness of the = 02
samples for the XAFS measurements. The obtained ribbons _0'3 i
were thinned by rolling to the optimal thicknesses to avoid ’ A T T
the sample thickness effect in XARS. 04— — L

The XAFS measurements of Aws, Ag, and CuK edges
were performed on beamline X11A at the National Synchro-
tron Light Source at 80 and 300 (or Au,Cu, _, alloys) and FIG. 1. k-weighted XAFS spectra of two consecutive scans of
at 10 and 300 Kfor Aug sAgg s alloys) using a double crystal AuosClo at 80 K for (@) Au Lz and(b) Cu K edges. Two minor
Si (111) monochromator. To eliminate the higher harmonics,monochromator-introduced glitches néar 7.0 and 16.5 A* are
the second crystal was detuned relative to the first one byisible in (b).

20% for CuK-edge and by 15% for AlL;-edge measure- y ) o . L
ments. No detuning was found to be necessary for the A§/herex” (k) are the partial contributions, weighted wigH,
K-edge measurements. A Displex refrigerator was used fdef the XAFS signals originating at a typesentral atom sur-

the low-temperature measurements. rounded by the typg-neighbors only. The composition fac-
tor y;; is defined as the probability to encounter a type-

atom as a 1NN to a typecentral atom. Since for the first
shell of atoms only single-scattering photoelectron contribu-
tions are important, eack’ [Eq. (2)] can be written &3

SN

i (1) =
X" (k) kRE
D

k(A1)

Ill. XAFS DATA ANALYSIS AND RESULTS

XAFS data were analyzed by thavxars software® The
XAFS function y(k) is given by

(ke 2] sin{ 2kRy+ 8 (k) Je~ 2R i),
(©)
where S, is the passive electron reduction factdris the

wherek is the photoelectron wave number defined relative to

the energy referencg, chosen in the middle of the absorp humber of atoms in a NN sh¢IN=12 for the fcc structure,
0 - " . ;
tion edge jump.A(0) is the absorption edge jump, and the true number of-type atoms in the 1NN shell is properly

m(K) — wo(K)

x(k)= Ap(0)

wo(K) is a smooth atomic background. Thetosk codée*

was used to remove the background from the data. Statisticdl
noise in the data measured at low temperature was very low,

as illustrated in Fig. 1 which shows tHeweighted y (k)
obtained for two consecutive scans for both edges i
Augy Cuy , at 80 K.

For a binary A,B;_, alloy, the first nearest-neighbor
(INN) contributions to the XAFS signals measured at Ahe
and B absorbing atoms can be written as

XA (K) =Y aax(K) +yapx B (k),

x2(K) =yeax®A(k) +yeex®(k), (2

accounted for in Eq(2) by having they;; factor in front of
(k)], R;; is the average interatomic distance between the
andj-type atoms;rﬁ is the mean-square relative disorder
aboutR;;, fj(k) and g;;(k) are the effective scattering am-

rplitude and phase shift, respectively, angl(k) is the pho-

toelectron’s mean free path;(k), &;;(k), and\;;(k) were
generated for all-j pairs using thesErFe code for the fcc
crystal structure model. XAFS analysis was performed con-
currently for both edges for each concentration in each alloy
while fitting theFeFFetheory to data i spacek? weighting

for Aug sAdg 5 andk weighting for AyCu, _, have been ap-
plied to Fourier transform both data and theoryrtepace.
The excellent spatial resolution achieved in our experiment
(Kmax=18-19 A1) allowed us to determine the character-
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istics of the effective pair interaction potentials including K. For the AyCu;_, alloys, the refinement was performed
anharmonic corrections at higher temperatures. In this papefor the Au and Cu edges concurrently, for data measured at
we discuss our results obtained from the low- and room80 and 300 K. For comparison, the XAFS data of pure Au,
temperature measurements on,8u, _, alloys only where  Ag, and Cu metal foils available in the XAFS database in the
our high data quality allowed an accurate evaluation of theJniversity of Washingtort® collected at 80 and 300 K were
characteristics of the effective pair interaction potentials bea|so analyzed. For all the data, the correctiarizh, AES?,
tween the atoms. We focus the discussion of temperaturg S\, to the arbitrarily chosen photoelectron energy origins
dependence in this article to the ALu,  alloys, as these \yere varied in the fits for Au, Ag and Cu central atoms,
show striking deviations from the fcc crystalline sites, in respectively.

contrast to the AAg;  alloys. If static structural distortions are present, the mean-square

The multiplicative factoiS3 can be often obtained directly deviation o2 of the 1NN distance may be presented as a

a specific type is known in advance. In the case of disordered
alloys, the situation is more complicated, since the partial
coordination numbers for the paisA, AB, and BB are
unknown (although one can establish relationships between )
them, as it is shown belowTherefore ara priori knowledge To separate the temperature-independemf and

of theSS factor is needed for the CK, Ag K, and AuL; temperature—dependenﬁ, one can use a simple correlated
edges. Becaus&? is a property of only the center atom, Einstein modef for o

independent of its surroundings and temperature, these pa-

rameters were obtained by analyzing the temperature depen- , N 1+exp—Og/T)

dence of pure Au, Ag, and Cu metals XAFS data available at d= 20u 1—exp(—O/T)’ ™
the University of Washington XAFS database, giving values

of S5 0.88 for AuL; edge, 0.79 for AKK edge, and 0.94 for where w is a bond vibration frequencyy is the reduced
Cu K edge. As a cross check of the valuesSifwe have mass of the pair, an@ =% w/kg is the Einstein tempera-
used a procedure suggested by D. Koningsbéftjeor each  ture. Thus the totabr?(T) in this approximation depends on
weighting factork, k2, andk®, used in the Fourier transform, T and two parameters onlys and og. By concurrent refine-
the value ofSé was varied between 0.7 and I(fBe typical ment of the XAFS data at two temperatuf&® and 300 K
range of reasonable values ﬁ) with a 0.05 increment and one can solve Eq€6) and (7) for 05 andw.
a? for the first 1NN bonds was obtained from the best fit. The 1NN shell fits to the AuL; and Ag K XAFS in
Theno? was plotted as a function & for each weighting  AugsAdgs at 10 K, and to the AlL; and CuK XAFS in
factor. The three curves intersect at almost the same poituy {Cu, », data at 80 K are shown in Figs. 2 and 3, respec-
providing the optimal values of bots3 and o2. The S5 tively.
values so obtained were in good agreement with those deter- Au-Au, Au-Ag, and Ag-Ag bond lengths obtained in the
mined from the pure materials and thé so obtained agreed AugsAdg s alloy and in the Au and Ag metals from the low-
well with those determined from the temperature depenand room-temperature XAFS measurements are summarized
dence. in Table I. The temperature-dependent fits are consistent
In our fitting procedure, we varied the 1NN p&l; and ~ with 02=0. This is not surprising since the changesRin
the a?j independently for the homometallic pailsA and are small as a function of concentration in the Au-Ag alloy
B-B. The pairR,g and thegf\B of the heterometallicA-B system, and, as discussed below, the structure does not have
pair were constrained to be the same as analyzed from eaéignificant deviations from the crystalline fcc structures. To
edge XAFS data, as they must. The local composition factofompare the disorder in the 1NN bond lengths in the
yan Of A-A pairs was allowed to vary in order to account for Alo sAdos alloy measured at 10 K with that measured in
the possible short-range order. The following obvious condure metals at 80 K, we used E@) and obtained values of

straints were app“ed to relate the Composition faCM@, Einstein temperatures for each bond to Calcuﬁ@t 80 K
andyAA , therefore reducing the number of f|tt|ng in the alloy. The values Qﬁ'z obtained for these bonds at 80

a?={((r—=(r))?=02+03. (6)

Yea: YeB: . .
parameters: K are given in Table II.
The fit of the Ay sAgys sample at 10 K found that the
YagtYaa=1, INN ya,-ay is 0.451), and thusya,—ag from Eq. (4), is
0.551), indicating some short-range ordering from a random
YeetYsa=1. (4)  distribution ofy s, ag = Yau—au=0.5. The short-range-order

R fi
The composition factors of the heterometallic pairg (SRO parameter, defined as

andyg, are related to one another through the macroscopic

concentrationx, andxg of the alloy components by a=1— Yas (8)
Xg '
XB
Yae=3 Yea: (® s then equal to—0.1Q(2), in good agreement with previ-

ously reported values of 0.08 (Ref. 21) and —0.10 (Ref.
For the Ay sAgg 5 alloys, the fits were refined for the Au 22) obtained by diffuse x-ray scattering measurements. By
and Ag edges concurrently, for data measured at 10 and 3Gfbntrast, in the ACu,_, alloys, the INN compositions
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FIG. 3. Fourier transforms of theweighted XAFS spectra con-

. T
FIG. 2. Fourier transforms of the®-weighted XAFS spectra ¢ rrently fitted with FeFFs theory (solid) to the data(dash of

concurrently fitted withFerFe theory (solid) to the data(dash of AU sCli» at 80 K for (@) Au L and (b) Cu K edges.

Aug sAgp s at 10 K for (@) Au Ly and(b) Ag K edges. ’ '

Y au_au=X Within 1%, consistent with no SRO in the alloys the large Cu-Cu atomic disorder aroure 0.8 is predomi-
for all concentrations measured, and thus indicating a randantly a dynamic one with large vibrational amplitude, or a
dom distribution of atoms. static one, is not directly determined from our data. How-
Figure 4a) shows 1NN distances for Cu-Qtriangles, ever, extrapolating the lower dependence to 0.8 suggests
Cu-Au (squarel and Au-Au(circles atomic pairs. One can that the large disorder there is predominantly static. Finally,
see the clear difference between these pairs similar to whéfie results of the XRD measurements on the samgagL
was observed previous'y for the mixed salts RmBI*X a||0yS are plotted in F|g 5, as deviations from the linear
(Ref. 3, namely, the shortened Au-Au distances vary lessvegard’s law.
than do the elongated Cu-Cu ones. As discussed in Ref. 3,
such an asymmetry is caused by the stronger short-range
repulsive forces compared to the longer range attractive
forces of the interatomic potential. The knowledge of the structure of mixed crystals may be
The difference in behavior of the Au-Au and Cu-Cu pairsenriched further if the information obtained from the two
with concentration reveals itself even more clearly in thecomplementary techniques, XRD and XAFS, is visualized by
results ofo> measurementgFig. 4(b)] published in our pre- a computer simulation. The fcc lattice with lattice parameter
vious conference repoft.While the o of the Au-Au pairs  a was randomly populated by Cu and Au atoms as per the
does not change strongly with concentratigvhich is con-  concentration of the alloy. A single interatomic interaction
sistent with a relatively small decrease in Au-Au pair lengthbetween Au-Au 1NN atoms was fit to XAFS measurements
with respect to its value in pure Authe o for the Cu-Cu  on both the pure metal and the alloys, and similarly for the
pairs increases drastically. This is consistent with the weak€u-Cu 1NN atoms. Both 6-12 and 6-18 Lennard-Jones po-
ening of the Cu-Cu force constant as the smaller Cu atomtentials were tried in the fit but only the 6-18 potential could
become further apart at larger concentrations of Au, whilegive a reasonable fit to the experimentally determined lattice
both the Cu-Au and Au-Au 1NN pairs remain in contact parameters at all concentrations, as described below. Since
sensing the repulsive force at all concentrations. both pairs of atoms’ 1NN distances change significantly in
Table Il presents ther§ determined from the temperature the alloying[Fig. 4@)], the anharmonic behavior of the po-
variation for several concentratiofenly those values where tentials have to be matched to the alloy XAFS results and our
the results are significantly larger than their error hatg  fit indicates that the larger anharmonicity of the 6-18 poten-
the high concentration of Au the data on the Cu-Cu pairs argal does this better.
not conclusive to make a decision in favor of predominantly The total potential energy taking into account pair inter-
dynamic or static disorder. Therefore the question of whetheactions between the nearest-neighbor atoms onlyUis

IV. COMPUTER SIMULATION
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TABLE |. First nearest-neighbofINN) bond lengths(in A) in AugysAgo s alloy and pure Au and Ag
metals, and the average 1NN distance determined from x-ray diffra®ief 20 and XAFS at low(LT) and
room (RT) temperatures. LT measurements were performed at 10 K for the alloy and 80 K for pure metals.

XAu T Ag-Ag Au-Au Ag-Au (R

XRD XAFS XRD XAFS XRD XAFS XRD XAFS
0 LT 2.878 2.88D5) 2.878  2.88D5)
0 RT  2.889 2.881) 2.889 2.881)
1 LT 2.876 2.876) 2.876 2.876)
1 RT 2.884 2.801) 2.884 2.891)
0.5 LT 2.878%5) 2.8692) 2.8742) 2.873 2.8783)
0.5 RT 2.892) 2.8916) 2.8794) 2.881 2.881)

ZE/VTiT_qu_FjD, whereT, is the type of the atom in thigh lattice parametga: The lattice parametea, which corre-
site, i.e., A or B, the summation is over nearest neighborsSPONdS to the minimum df (a) was then compared with the
only. The 6-18 Lennard-Jones potential ¥ 1 is chosen in experimental resul(see Fig. 5. The symbols in Fig. 5 cor-

the form which makes it convenient for further interpreta- respond to our XRD data, the solid curve presents the re.sult
tion: of the a,y calculation. The Cu-Cu, Cu-Au, and Au-Au pair

distances were obtained by averaging over the cluster with
K1 -R2 6 the lattice parametea,. They are presented in Fig.(a}
Ko [+, @

516 (solid, dashed, and dotted curves, respectjvétyour calcu-

lations the number of atonisis 108 000, i.e., the simulation
box contains 3& 30X 30 fcc unit cells with four atoms per
one cell. To ensure that the calculation presents only the bulk

. . . . . effect (which is important for comparison with XAFS data
stant 2 in the right side of E9) is added to shift the energy i.e. to( minimize t%e influence ofpfixed boundaries oalour

scale to zero at the equilibrium positidimstead of the usual numerical results, we display the results in the figures ob-

presentation with zero energy at the infinite interatomic dis- _. . )

. . tained from the inner atoms which are separated from the
tance. In such a presentation the potential energy of a freecIuster surface by at least two lavers
equilibrated paiV;/1(Ry/1) equals to zero and the total po- Y Yers.

. L Figures 4 and 5 demonstrate the compatibility of our clus-
tential energy of the cluster corresponds to the deviation o{er model with both the XAFS and XRD experimental data

the energy of the disordered crystal from the energy of tw o o
separated phases, i.e., it is a measure of the instability gl;he fact that only two additional fitting parametef{ a,

andK ¢, a,) beyond the ones found from the pure metals are
necessary to describe the main features of the mixed alloy
structure shows the reasonability of our model for describing
the Au-Cu alloy. The results of our computer simulation are
rather close to the Monte Carlo simulatférand ab initio
Ealculation of the quasirandomly structured alfSyMore-
over, our simulation better fits the experimental data. The
inner part (3x3X 3 unit celly of the Ay, sCuy, 5 cluster ob-
tained from computer simulations is visualized in Fig. 6.

V()=

r r

where the parametdf .1 is a force constant &R 1, the
equilibrium bond length of thd'-T atomic pair. The con-

stability of the alloy.

Rau—au @nd Rey_cy are determined from the lattice pa-
rametersa,, and ac, of the pure Au and CuRp,_ay
=ap,/V2 and Rey_cy=ac,/2. Force constant&,_ ay
andK¢,_ ¢, are determined from the temperature dependenc
of o for pure Au and CUEq. (7)]. The two valueRpa,_ ¢y,
andK,_ ¢, Were used as fitting parameters. All the six pa-
rametersK1,; and Ry, are assumed to be concentration
independentsee Table IV.

We performed a minimization of the total potential energy
of a cluster of 18 atoms while locally distorting both Au and V. DISCUSSION

Cu atoms from their ideal fcc lattice positions. To find the . .

equilibrium positions foN atoms in a cluster, i.e., to find a ' e detailed structure of the disordered,Su, _y alloys
minimum of the total potential energy, we used the following Was investigated by XAFS, XRD, and computer simulation.
iterative procedure. First, we fixed the positions of all but the! ® &toms were found to be randomly disordered among the

ith atom and minimized the total potential energy as a func@tomic sites which deviated locally from the average fcc

tion of the position ofth atom only. This resulted in the first crystal sites. Particularly interesting is the profoundly differ-
approximation for the equilibrium position of thi¢h atom.

After theith atom was fixed in its new position, this proce-  TABLE Il. Mean-square deviationén A®) in 1NN pair lengths
dure was repeated to the rest of the atoms in the cluster. Aétermined from XAFS data of AuAgos alloy and pure Au and
series of iterations were performed until the ralit/U be- A9 metals at 80 K.

comes smaller than 10, whereAU is an estimated maxi-

mal possible errorAU=NF2_/Kgi, Fmax iS @ maximal Au-Au Au-Ag AG-Ag

force (among all the atoms of the clusteacting on the at- 0 0.00365)

oms, K is an average effective force constant of the pairso.5 0.00265) 0.00285) 0.00385)
Next, the equilibrium atomic positions and the total en-1 0.00245)

ergy U of the cluster were calculated as a function of the
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pairs. 1NN distances obtained from computer simulation are als€ €lastic energy is minimized wheiR,, is smaller than
presented for Cu-Cuysolid curvg, Cu-Au (dashed curve and SRy ) . . o

Au-Au (dotted curve pairs. (b) mean-square deviations® of the To verify this intuitive argumentfirst-principles study by
INN pair lengths at 80 K as obtained from XAFS for Cu-@a-  Ozolins,et al?® showed good qualitative agreement with our
angles, Cu-Au (squarel and Au-Au(circles atomic pairs. result3, accurate local structure measurement is vital. We

performed concurrent multiedge, multiple data set refinement
ent trend in the Compositiona| dependence of the AU-AU,Of our XAFS data which allowed us to obtain interatomic
Au-Cu, and Cu-Cu bondgig. 4a]. The short Cu-Cu bond distances with uncertainties as small as 0.002 A. We cali-
length exhibits stronger variation witk than the Au-Au brated the reliability and sensitivity of our procedure for the
bond length, i.e., the Cu-Cu bond expands easier with th8ystem of Ag=Ado s where no local structural distortions are

increase of Au concentration than the Au-Au bond contract@xpected in advance, based on virtually indistinguishable lat-
when the concentration of Cu increases. tice parameters of pure Au and Ag metals. Indeed, we ob-

The qualitative interpretation of this effect is the follow- tained that the interatomic distances between Au-Au, Au-Ag,
ing. From the asymmetry of the pair interaction potentialand Ag-Ag pairs are the same within small experimental un-
(repulsive branch is steeper than the attraction bratioh  certainties, and the? of these bonds fall in between those of
compressed bontAu-Au) is expected to be stiff relative to the pure metals. In addition, as another reliability check, we
the expanded bon¢Cu-Cu. The concomitant nonzero re- Obtained the same short-range-order parameter of 10% be-
sidual elastic strain energy, accumulated in the alloy systeriveen nearest neighbors as found by previously published
with the atomic size mismatch due to the distortion of eachx-ray diffuse scattering analyses. Successful testing of our
bond from its equilibrium length, determined by the pureprocedure against a known system greatly increases the con-
metal, is larger for a system with stronger distortions of at-fidence in the results obtained for the &u, _, alloy ana-
oms from the periodic positionsTo increase the strain en- lyzed in the same manner as the Afg, 5 system.
ergy by the same amount requires less chaisgertening We believe that the observed bond lengths asymmetry is
SRy, of the effective Au-Au bond than the chan¢monga- ~ an intrinsic property of all disordered alloys. Such an asym-

tion) SR, of the Cu-Cu bond because in the former case thénetry reduces local elastic strain caused by the atomic size
elastic strain is stored in the stiffer “spring.” The increase of mismatch and/or difference between the effective force con-

TABLE lll. Static mean-square deviationén A?) versusx TABLE IV. Parameters of the potentials used in our simulation
(Au,Cu; ) in INN pair lengths determined from XAFS data. of Au,Cu; , alloys.

X Au-Au Au-Cu Cu-Cu BondT'-T Rrt (A) Kt (eVIA?)
0.35 0.002813) 0.00297) 0.00629) Cu-Cu 2.549 2.29
0.56 0.00304) 0.00287) 0.010430) Au-Au 2.876 3.10

0.80 0.00263) 0.003510) Cu-Au 2.670 2.00
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derstood by the asymmetry in the pair potentials. However,
in addition to this conclusion, obtained from the observed
difference in the tendency of Au-Au and Cu-Cu bond lengths
to change with concentration, a unique insight into local
atomic arrangement in this alloy can be gained from the
measurements of the Debye-Waller factdfgy. 4(b)]. Con-
sistent with a relatively small change with Au concentration
of Au-Au bond length with respect to its value in pure Au,
the o2 of this bond does not change strongly witkither. A
similar observation can be made from comparing the Au-Cu
bond length andr? changes withx. This is in contrast with
the Cu-Cu bonds which have a drastic increaseo#ith x.
Along with the observed larger slope of thkelependence of
Cu-Cu bond length than for other bonds, these results to-
gether all indicate that the small Cu atoms become loosened
in the Au matrix at large enough(x>0.35), and the Cu-Cu
1NN pairs are losing contact, while Cu-Au and Au-Au 1NN
pairs remain in contact at all concentrations.

FIG. 6. The inner part (333 unit celly of the AtpClps Finally, it should be emphasized that the pair interactions
cluster obtained from computer simulations. The deviations fronS determined from XAFS measurements, with parameters
the average fcc sites are magnified by a factor of 2 for better visulisted in Table IV for the AyCu,_, alloys, are not the
alization. If there were no deviations, the bonds would all align“bare” pair interactions calculated for isolated atoms as in a
along straight lines, including the edge atoms which would aligndiatomic molecule. They are a “dressed” or renormalized
along the cube lines. one in the alloy determined by averaging over the positions
of all other atoms in the allo§® This effective interaction,

stants between different pairs of atoms. The seeming contri/hich contains all many-body interactions, is also called in
diction in the experimental studies of different binary andth€ literature the thermally averaged pair potefitiahd the
pseudobinary alloys where such asymmetry was observed pPtential of mean force?
some systemse.g., RbBr-RbCI, RbBr-KBr, Au-Cu, Si-Ge
and not observed in many others, e.g., semiconductor III—\_/ VI. CONCLUSIONS
alloys, needs to be clarified. The requirement for the experi-
mental detection of the bond lengths asymmetry is picking The detailed structure of the rapidly quenched @u,
an alloy with strong compositional change of nearest-alloys was investigated by XAFS, XRD, and computer simu-
neighboring distance. The “topological rigidity parameters” lation. The atoms were found to be randomly disordered
introduced by Cai and Thorpé and characterizing the rigid- among the atomic sites which deviated locally from the av-
ity of the lattice system of the alloy are useful phenomeno-erage fcc crystal sites. The observed difference in distance
logical figures of merit which are expected to be closer to theehange(Cu-Cu bond length changes more rapidly with Au
absolute rigidity limit of 1 for the semiconductor alloys than concentration than Au-Au and Au-Cu bond lengtkan be
for the ionic or metallic alloys, due to the strongly directional understood by the asymmetry in the renormalized pair poten-
covalent bonding between the atoms in semiconductors. Irtials where the repulsive forces are stronger than the attrac-
deed, the distortion of the nearest-neighbor bond length ditive ones. The loosening of the contact in the Cu-Cu pairs
not exceed 20% of the atomic size difference in the purewith Au concentration was indicated by the anomalous in-
GaAs and InAs in pseudobinary semiconductor alloyscrease ofo? of these bonds. The computer simulation on a
Galn;_,As8 We believe that in these and other experimentscluster of 18 atoms reproduces the main features of both our
with semiconductor alloys the sensitivity of XAFS measure-XAFS and XRD data and links the microscopic parameters
ment was not sufficient to detect the bond length asymmetrgbtained by XAFS with the macroscopic XRD measurement,
effects outside the uncertainties because they were so smalthile allowing a visualization of the local distortions from
In the cases where these effects were obséfved well as  the average fcc lattice.
in the present work, the interatomic bonds were ionic or For comparison the disordered #¢i\gy s alloy was also
metallic, i.e., less directional and relatively soft compared tanvestigated by XAFS and XRD, and its atoms were found to
those in semiconductor alloys. The most recent exalfiple have insignificant deviations from an ideal fcc lattice. This
shows that similar effect was observed in the semiconductadifferent effect of alloying between metallic alloys is under-
binary alloy Si-Ge which was studied by the similar multi- stood by the difference in perturbations introduced by the
edge, multiple data set refinement as in our preliminaryalloying. In the case of Au-Ag alloys, the perturbation is
report> and in the present work. In the Si-Ge alloy, however,quite small, while in Au-Cu alloys, it is quite significant.
the rigidity parameters are relatively hide.7 (Ref. 28] A discussion summarizing previously published works is
which explains why the difference in the slopes of the Si-Si,also given on the difference of the distortions from the aver-
Si-Ge, and Ge-Ge bond lengths is within the uncertainties odge periodic lattice in other chemically disordered materials,
the measurements. namely, covalent and ionic bonded ones. Whereas the de-
As just discussed, the difference in the scenarios of shortrease in bond distance between the larger atoms and the
and long bond length changes with concentration can be unncrease in bond distance between the smaller atoms in
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