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Short-range order in Ni-8.4 at.% Au above the miscibility gap

M. J. Portmann,1 B. Schönfeld,1 G. Kostorz,1 and F. Altorfer2
1ETH Zürich, Institute of Applied Physics, CH-8093 Zu¨rich, Switzerland

2Laboratory for Neutron Scattering, ETH Zu¨rich and PSI, CH-5232 Villigen, Switzerland
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The elastic diffuse neutron scattering was measured for a Ni-8.4 at.% Au single crystal above the miscibility
gap at 1083 K. The Ni-58 isotope was used to reduce the incoherent scattering. In contrast to previous x-ray
investigations, short-range order scattering reflects local atomic arrangements characteristic of decomposition.
This can be uniequivocally concluded from the diffuse scattering within the first Brillouin zone. For larger
scattering vectors, the diffuse scattering is dominated by the displacement scattering due to the large difference
in atomic sizes. The magnitudes of the extracted Warren-Cowley short-range order parameters show a smooth
decrease with increasing distance. Crystals modeled on the basis of these parameters reveal basic arrangements
of small Au clusters consisting of a tetrahedron and an attached fifth Au atom. The effective pair interaction
parameters obtained from an inverse Monte Carlo analysis give no hint for a metastable state withL12

structure.
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I. INTRODUCTION

Ni-Au is a system with a large atomic size mismatch
15%. At temperatures below the fcc solid-solution regime
large asymmetric miscibility gap with a critical temperatu
of 1083 K is observed~Fig. 1!.1 For the microstructure of the
solid solution, one might expect local decomposition
Ni-Au has a large positive energy of mixing. However, co
flicting results2–4 were reported for the microstructure of th
solid solution employing diffuse x-ray scattering, a tool5,6

that has yielded detailed information on the microstructure
many other alloys.

Flinn et al.2 measured the diffuse x-ray scattering at 83
from several polycrystalline Ni-Au alloys with Au conten
between 10 and 70 at.%, after quenching from 1173 K. T
analysis of diffuse scattering in terms of short-range or
and linear displacements resulted in negative values
20.02 to 20.04 for the nearest-neighbor short-range or
parametera110, i.e., a tendency towards local order.

Wu and Cohen3 investigated the microstructure of a Ni-6

FIG. 1. Phase diagram according to Okamoto~Ref. 1!. The sym-
bols mark states investigated by~s! Wu and Cohen~Ref. 3!, ~d!
the present authors, and~n! Renaudet al. ~Ref. 8! ~conditions be-
fore aging!. Also shown is the chemical spinodal~dashed line! and
the coherent spinodal~dash-dotted line! ~Ref. 11!.
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at.% Au single crystal by three-dimensional diffuse x-r
scattering at 1023 K, about 30 K above the miscibility ga
Taking into account quadratic besides terms of line
displacement scattering, a slightly positive value ofa110 is
obtained, i.e., a tendency towards local decompositi
Based on model crystals, the microstructure is character
by compositional fluctuations consisting of Ni-rich regio
on $100% planes and rods alonĝ100&. Still, the global short-
range order scattering pattern indicates local order as
maximum is located at 0.6 0 0 and not at 000.

Moss and Averbach4 also investigated a Ni-60 at.% Au
single crystal by diffuse x-ray scattering at room temperat
in a 100 plane of reciprocal space and at small angles.
though an analysis in terms of short-range order parame
cannot be given from such a limited data set, an essent
random arrangement was noted for the sample rap
quenched from 1163 K. No indication of local order w
observed: local decomposition was considered plausible

An explanation for the presence of short-range order w
suggested by theab initio electronic structure calculations o
Wolvertonet al.7 The energy of alloy formation is separate
into a ‘‘spin-flip’’ and a ‘‘constituent-strain’’ energy part. The
latter part not only includes the large and positive energy
mixing but also lattice relaxation, and thus depends on dir
tion and site occupation. This site-dependent part of the
mation energy leads to local order as seen in the diff
scattering,3 and the total energy gives the global trend
alloy decomposition at low temperatures. This behavior w
found to be robust when varying the Au content from 75
25 at.%.

A decisive item in these calculations was lattice relaxat
~Fig. 11 of Ref. 7!. Thus one might expect special featur
within the miscibility gap.8,9A metastable state of Ni-80 at.%
Au ~after a quench from 900 K and a subsequent aging
520 K for 30 min! was investigated by Renaudet al.8 using
synchrotron radiation. This state is close to the coherent s
odal characterized as the temperature above which a m
lated structure is no longer observed~the coherent spinoda
was introduced for this alloy system by Golding and Moss10
©2001 The American Physical Society10-1



d
a

or
e

-6

ta
e

d
th

ax

u
th
e

i-
it
tte
g
e
ith
t r
n
s
i-
ne
us
s
o

i i
ric
er
tio

e
ng
x-
e

ca
ite
tte
di
tt
d
io

l

a-
ent
o
se

. In
urier

s

,
e

sed
and

Ni-
50

xis

.
ctors
re-

an
0

at
ngs
e
ear
data
ngs
of

re-
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for a summary, see, e.g., Hofer and Warbichler11!. The global
maximum in the short-range order scattering was locate
0.4 0 0, for 000 a value between 0 and 1 Laue units w
considered plausible. Values of the Warren-Cowley sh
range order parameters similar to those of Wu and Coh3

were noted, a low positive value fora110 and a large positive
value fora200. However, Moss and Averbach4 noted an in-
creased small-angle scattering for slowly quenched Ni
at.% Au, i.e., an indication of decomposition.

For Ni-50 and -60 at.% Au, Zhao and Notis9 demonstrated
the possible existence of a transient long-range ordered s
The L10 structure was observed when annealing a specim
first at 473 K~below the coherent spinodal! for 8.3 h or 32 d
and then in a transmission electron microscopein situ at 763
K ~above the coherent spinodal!. The ordered phase evolve
at the interface between the precipitates and matrix or at
sample surface. Its formation was attributed to lattice rel
ation.

To discuss the conflicting results of local order vers
local decomposition for states above the miscibility gap,
favorable aspects of a diffuse neutron scattering experim
were not yet exploited~all previous diffuse scattering exper
ments employed x rays!. Especially in decomposing alloys,
is difficult to separate static quadratic displacement sca
ing, thermal diffuse scattering of first order, and short-ran
order scattering because of a similar variation of the und
lying Fourier series in reciprocal space. For an alloy w
large atomic size mismatch, separation is achieved mos
liably when using diffuse scattering within the first Brilloui
zone @see, e.g., the discussion on Guinier-Preston zone
Al-rich Al-Cu ~Ref. 13!#. Diffuse neutron scattering exper
ments provide easy access to this region and also be
from the ease of experimentally separating thermal diff
scattering~apart from regions close to Bragg reflection!
from the elastic diffuse scattering contribution. In the case
Ni-Au, the large elastic incoherent scattering of natural N
easily suppressed by using, e.g., the Ni-58 isotope. Ni-
alloys are more suited for diffuse neutron scattering exp
ments than Au-rich alloys because of the large absorp
cross section of Au.

Another reason for studying a Ni-rich Ni-Au alloy is th
prediction7 of a maximum in short-range order scatteri
along theG-W line, a location not yet observed in any e
periment. In a recent paper,12 however, a maximum along th
G-X line was considered possible for Ni-rich alloys.

II. THEORY

The elastic diffuse scatteringI diff from crystalline solid
solutions originates from the mere presence of different s
terers and from static deviations of the actual atomic s
from those of the average lattice. The corresponding sca
ing terms are called short-range order scattering and
placement scattering. In contrast to short-range order sca
ing (I SRO), displacement scattering cannot be represente
closed form and is commonly written as a series expans
~see, e.g., Schwartz and Cohen14!. The leading terms are
called size effect scattering (I SE) and Huang scattering (I H).

Short-range order scattering and size effect scattering@in
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Laue units, 1 L.u.5cAcB(bA2bB)2 with cm5atomic fraction
and bm5coherent scattering length of componentm# are
given for a binary solid solution with cubic structure by

I SRO~hI !5(
lmn

a lmn cos~ph1l !cos~ph2m!cos~ph3n!,

~1!

I SE~hI !5(
i

hiQi~hI !, ~2!

where hI 5(h1 ,h2 ,h3) is the scattering vector in reciproca
lattice units~r.l.u.! 2p/a ~a5 lattice parameter!, thea lmn are
the Warren-Cowley short-range order parameters15 for the
lmn-type neighbors~l, m, n in units of a/2 representing the
position!, and, e.g.,

Q1~hI !5(
lmn

g lmn
x sin~ph1l !cos~ph2m!cos~ph3n!. ~3!

For the representation ofI H as used in the present investig
tion, see Ref. 6. For a statistically uncorrelated arrangem
of the elements,I SRO is the monotonic Laue scattering. T
recover short-range order scattering from the total diffu
scatteringI diff , several techniques have been developed
the present case, least-squares fitting to the leading Fo
coefficients16 was applied.

III. EXPERIMENT

An alloy of nominal composition Ni-10 at.% Au wa
prepared from 99.9991%gold ~Métaux Précieux SA
METALOR, Neuchaˆtel, Switzerland! and from isotopically
pure ~99.86 at.%! 58Ni ~State Scientific Centre, Moscow
Russia!. From this alloy a single crystal was grown by th
Bridgman technique. The cylindrically shaped sample u
for the diffuse scattering experiments had a diameter
height of 8 mm and a cylinder axis near^421&. The concen-
tration as determined by x-ray fluorescence analysis was
8.4~4! at.% Au; the error gives the standard deviation over
individual positions.

The diffuse scattering was measured on the triple-a
spectrometer Dru¨chaL ~PSI, Villigen, Switzerland! equipped
with a high-temperature furnace17 and an Eulerian cradle
This setup gives access to a hemisphere of scattering ve
in the temperature range from 293 to 1400 K. The measu
ment was performed at 1083~5! K, about 100 K above the
miscibility gap. Neutrons with an energy of 14.68~50! meV
were used; thel/n harmonics were suppressed to better th
1023 by 10 cm of pyrolytic graphite. Typically, 300–300
counts were registered under monitor control within 840 s
about 730 crystal settings within 0.2–2.1 r.l.u. These setti
are located on a grid of 0.1 r.l.u. within a minimum volum
for the separation of short-range order scattering and lin
and quadratic displacement scattering. To get scattering
near the origin of reciprocal space, about 20 crystal setti
within 0.13–0.60 r.l.u. were investigated using neutrons
4.76~15! meV, suppressing thel/n harmonics by a beryllium
filter. With this energy the background scattering was
0-2
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SHORT-RANGE ORDER IN Ni-8.4 at.% Au ABOVE . . . PHYSICAL REVIEW B 65 024110
duced by nearly a factor of 2. For both energies the scatte
intensities were converted to absolute scattering cross
tions using the elastic incoherent scattering of a vanad
sample with identical dimensions as the Ni-Au sample.

For both energies multiple scattering18 and absorption
were considered. An overall~static and dynamic! Debye-
Waller factor19 exp@22B(sinu/l)2# was calculated for Ni-8.4
at.% Au on the basis of the elastic constantsc115204 GPa,
c125141 GPa, andc44589 GPa estimated from Ref. 20. Va
ues of Bstat50.11531022 nm2 for the static part and
Bdyn51.48131022 nm2 for the dynamic part ofB were
obtained. For vanadiumB50.48531022 nm2 was used.21

The coherent scattering lengthsb58Ni514.4(1) fm andbAu

57.63(6) fm, the incoherent scattering cross sectionss
58Ni

inc

50 b, sAu
inc50.43(5) b, andsV

inc55.08(4) b were taken from
Ref. 22.

IV. ELASTIC DIFFUSE SCATTERING

The measured elastic diffuse scattering from58Ni-8.4
at.% Au is shown in Fig. 2. The intensities measured at
incident neutron energies of 4.76 and 14.68 meV smoo
overlap and are treated as one data set without any sc
factor. A diffuse maximum is observed at 000. A region
0.3 r.l.u. around each fundamental reflection was discar
in the subsequent data evaluation as it may contain contr
tions from thermal diffuse scattering. No sign for a sta
concentration wave alonĝ100& is indicated between the fun
damental reflections.

The elastic diffuse scattering was least-squares fitted w
a set of Warren-Cowley short-range order parameters
linear and quadratic atomic displacement parameters. In
dition, the scattering intensity at 000 was set equal to tha
0.13 0 0. Judging the quality of each fit from its weightedR
value, a set of 13a lmn , 33g lmn

x , and 9d lmn
x /e lmn

xy was finally

FIG. 2. The as-measured and recalculated elastic diffuse sca
ing ~in 0.1 Laue units, uncorrected data! from 58Ni-8.4 at. % Au at
h1h20 positions.
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used ~Table I!. The recalculated elastic diffuse scatterin
~Fig. 2! reproduces the experimental data within60.2 L.u.,
well within the standard deviation of 0.3 L.u. solely due
counting statistics.

For the Warren-Cowley short-range order parametera000
a value of 0.59~3! is found, much smaller than the theoretic
value of 1. Values smaller than 1 were repeatedly obtai
from diffuse neutron scattering experiments at high tempe
tures: ~i! 0.4 for NiI-V, 0.20–0.87 for NiI-Cr by Caudron
et al.,23 ~ii ! 0.85–0.99 for PtI-V and 0.78 for NiI-V by Le
Bolloc’h,24 and~iii ! 0.595~5! for NiI-Ti by Bucheret al.25 and
0.48–0.80 for FeI-Al by Bucher.17 In comparison with these
investigations where thermal diffuse scattering was alw
separated off experimentally, diffuse x-ray scattering exp
ments at high temperatures~using calculated thermal diffus
scattering! did not reveal a strong deviation ofa000 from 1.
Consistently, a diffuse neutron scattering experiment with
energy resolution performed at 1033 K with the same Fe
sample as used by Ref. 17 yieldeda00051.09(6). Based on
these data of Fe-Al, a procedure was set up for the correc
of the elastic diffuse scattering that essentially scalesa000 to
1, multiplying the scattering intensities by a constant fac
and adding a constant term to the scattering intensity. In
present case, a factor of 1.4 and an additive term of 0.2
were employed. This strategy lead to temperature indep
dent effective pair interactions for Fe-Al.

A. Short-range order scattering

The least-squares fitting was performed with a set of
short-range order parameters, 18 linear, and 8 quadratic
placement parameters. Thea lmn for the corrected intensities

er-

TABLE I. Warren-Cowley short-range order parametersa lmn of
Ni-8.4 at.% Au at 1083 K using the uncorrected and corrected s
tering intensities. The numbers in the brackets give the stand
deviations due to counting statistics.

lmn

a lmn

Uncorrected Corrected

000 0.594~29! 0.970~41!

110 0.133~11! 0.174~10!

200 0.084~10! 0.099~13!

211 0.015~6! 0.034~6!

220 0.008~4! 0.013~4!

310 0.021~4! 0.023~4!

222 20.007~4! 20.008~5!

321 0.000~2! 20.001~2!

400 0.013~4! 0.020~6!

330 20.001~3! 20.003~4!

411 0.009~2! 0.017~3!

420 0.006~2! 0.011~3!

233 20.004~2! 20.011~3!

422 20.000~3!

431 20.003~2!

510 0.016~3!

521 0.004~2!
0-3
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are given in Table I. The dominating Fourier coefficient
a11050.17(1), positive as expected for a decomposing all
system. The furthera lmnÞ000 are mostly positive. They ap
proach zero smoothly and rapidly. The recalculated sh
range order scattering is shown in Fig. 3. A strong maxim
of about 5 L.u. is located at 000.

For comparison, the recalculated short-range order s
tering of Ni-60 at.% Au~Ref. 3! is shown in Fig. 3, with a
maximum of about 2.3 L.u. at 0.6 0 0. The largest discr
ancy between both short-range order scattering pattern
noted for the region around 000. This coincides with t
extended range of 0.45 r.l.u. around the fundamental refl
tions where Wu and Cohen3 found it to be increasingly dif-
ficult to separate short-range order scattering from dyna
and static displacement scattering~as indicated by the large
R value between the recalculated and measured diffuse
tering!. As a consequence, the short-range order parame
of Wu and Cohen3 strongly differ from the present resul
with a20050.15(4) anda11050.04(5).

B. Displacement scattering

The atomic displacement parametersg lmn
x and d lmn

x /e lmn
xy

are summarized in Table II. Linear and quadratic displa
ment scattering~Fig. 4! are strongly modulated because
the large atomic size mismatch of 15% between Ni and
That is the reason why it is important to measure at sm
angles to obtain short-range order scattering in a decom
ing system. The linear displacement scattering is antis
metric around the fundamental reflections with positive c
tributions at the side of largeruhI u values. Such an intensit
distribution is found if the atom with the smaller cohere
scattering length~Au! has the larger atomic size.

With the species-dependent linear displacement par
eters of Wu and Cohen3 the g lmn

x for alloys with a different

FIG. 3. Short-range order scatteringI SRO ~in 0.1 Laue units!
from 58Ni-8.4 at. % Au ~based on corrected scattering intensitie!
and from Ni-60 at. % Au~Ref. 3! at h1h20 positions.
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composition and comparable heat treatment may be e
mated. For the first two shells of neighbors,g110

x 54.75 and
g200

x 528.37 are obtained for Ni-8.4 at.% Au at 1083 K
These values are by one to two orders of magnitude la
than those given in Table II. Also, the values of the sub
quent shells are much larger. In previous comparisons
linear displacement parameters obtained with neutrons
~species dependent! with x rays~Ni-rich Ni-Al in Ref. 26 and
Ni-Cr in Ref. 27!, good agreement was found. A strong com
positional dependence could be the reason for the disc
ancy in the present case.

FIG. 4. Size effect scatteringI SE and Huang scatteringI H ~both
in 0.1 Laue units! from 58Ni-8.4 at. % Au ath1h20 positions.

TABLE II. Linear (g lmn
x ) and quadratic~d lmn

x and e lmn
xy ! dis-

placement parameters determined from the corrected elastic di
scattering.

lmn g lmn
x lmn d lmn

x e lmn
xy

110 0.182~10! 000 0.326~21!

200 20.081~11! 110 20.035~5! 20.062~11!

211 20.021~6! 011 0.054~7!

121 20.011~3! 200 20.051~11!

220 20.012~5! 020 20.009~7!

310 20.022~6! 211 20.022~5!

130 20.017~5! 121 0.004~3!

222 20.008~4!

321 0.001~4!

231 20.005~4!

123 20.002~3!

400 20.010~10!

330 0.003~4!

411 20.003~5!

141 0.000~3!

420 20.006~4!

240 0.001~4!

233 0.010~4!
0-4
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V. MODELING

Based on the corrected Warren-Cowley short-range o
parameters~Table I!, crystals of 32332332 fcc unit cells
were modeled using the procedure introduced by Gehlen
Cohen.28 Starting from a random arrangement and excha
ing randomly chosen Ni and Au atoms, thea lmn calculated
for the final modeled crystals lie within the statistical err
bars of the experimental data. The difference between a
tistically uncorrelated arrangement and a short-range dec
posed model crystal is illustrated in Fig. 5. Small groups
minority atoms~Au! on $111% planes are typical for the shor
range decomposed state.

For a quantitative analysis all nearest-neighbor configu
tions ~Clapp configurations; for its nomenclature, s
Clapp29! were searched. Results for enhancement factors~ra-
tios of the numbers of the same configurations present in
short-range ordered and in the random crystals! and abun-
dances were obtained by averaging over five short-range
composed and five random crystals~Table III!. Two cases
were considered.

~i! The possible superstructuresL12 andL10 ~Ref. 9! are
characterized by the configurationsC16, chosing the cases o
minority atoms~Au! around any majority atom~Ni! for L12
and minority atoms~Au! around any minority atom~Au! for
L10 . As Ni-8.4 at.% Au contains less than the 25% or 50
minority atoms of these superstructures, minority atoms m
be replaced by majority atoms. This gives the sequen
C16→C7→C3, C4. As all the characteristic configuration
of L12 have enhancement factors less than 1,L12 is not a
plausible~metastable! superstructure. On the other hand, e
hancement factors larger than one are found for the cha
teristic configurations ofL10 . Zhao and Notis9 also found
L10 as a plausible superstructure of a metastable state.

FIG. 5. A $111% plane of 58Ni-8.4 at. % Au at 1083 K~a!. For
comparison, a$111% plane of a statistically uncorrelated arrang
ment of the same composition is shown~open circles, Ni atoms;
solid circles, Au atoms!.
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~ii ! For the characterization of Au agglomerates, only t
configurations of minority atoms around minority atoms w
abundances larger than 2% and largest enhancement fa
are summarized in Table III. The most important configu
tion C33 is a tetrahedron (C15) plus an adjacent atom a
indicated by the Au agglomerates on$111% planes in Fig. 5.

VI. POTENTIALS

From the set ofa lmn of Table I, effective pair interaction
parametersVlmn were determined by the inverse Mon
Carlo method.30 In the case of a canonical ensemble a
binary A-B alloy, the ordering energy is

H/N5cAcB(
lmn

a lmnVlmn , ~4!

with Vlmn5 1
2 (Vlmn

AA 1Vlmn
BB )2Vlmn

AB and N the number of at-
oms. They were deduced from 200 000 virtual exchange
modeled short-range decomposed crystals with 32332332
fcc unit cells employing linear boundary conditions. Th
Vlmn were subsequently used in Monte Carlo simulations
recalculate the Warren-Cowley short-range order parame
a lmn

rec . At least, sevenVlmn are required as judged from th
value ofRa5( lmnua lmn2a lmn

rec u/( lmnua lmnu. The values and
standard deviations given in Table IV refer to five mod
crystals. TheVlmn for the first two neighbor shells are neg
tive as expected for a decomposing alloy system. From
standard deviation, just the first four were found to be sta
tically relevant.

At the 100 position no local minimum inV(kI )
5( lmnVlmne

ikI •rI lmn is seen. Its presence would corrobora
the metastableL10 structure found in Ref. 9, following the
reasoning of Reinhard and Turchi.31 These authors inter

TABLE III. Abundances and enhancement factors of58Ni-8.4
at.% Au alloy at 1083 K with respect to a statistically uncorelat
arrangement for selected Clapp configurations~considering Au
around Ni for theL12 structure, Au around Au for theL10 structure
and for decomposition!.

Clapp
configuration

Enhancement
factor

Abundance
in %

Au around Ni
C16 0.7 0.01
C7 0.4 0.12
C3/C4 0.4 2.25
Au around Au
C16 5.0 0.05
C7 1.9 0.57
C3/C4 1.1 4.71
Au around Au
C33 96.1 5.2
C31 32.2 2.6
C15 15.5 2.8
C13 9.1 5.8
C14 6.2 3.6
0-5
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preted a local minimum inV(kI ) of Ti-V as an indicator for
transient ordering in the low-temperature region.

VII. DISCUSSION

The main result of the present study is that short-ra
decomposition and not short-range order is observed for
8.4 at.% Au above the miscibility gap. An increase in t
diffuse scattering towards 000 was demonstrated using
fuse neutron scattering. This result is at variance with
results of almost all diffuse x-ray scattering studies of Ni-A
at temperature,2,3 of alloys quenched from the soli
solution,2 or even of an alloy aged within the two-pha
state.8 The only exception is the decomposition nature in
short-range order scattering as evaluated by Borie and Sp
using data of Moss and Averbach~Fig. 7 of Ref. 4!.

The generally different conclusions on the local atom
arrangement in previous studies may have been reache
cause diffuse scattering was never measured at sufficie
small angles. One might further argue that the only deta
investigation at high temperature by Wu and Cohen3 was
performed for an alloy with a much larger Au fraction. Di
fuse neutron scattering at smaller angles should also be m
sured for a 58Ni-60 at.% Au single crystal. From th
electronic-structure calculations of Wolvertonet al.,7 short-
range order is expected for a broad range of compositio
The question on the compositional modulation either alo

TABLE IV. Effective pair interaction parametersVlmn as ob-
tained by the inverse Monte Carlo method using the correcteda lmn

of Table I.

lmn Vlmn ~meV!

110 237.9~60!

200 219.4~79!

211 4.7~33!

220 8.0~47!

310 0.2~32!

222 3.2~31!

321 1.4~24!
,
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^100& or ^11
20& on the Ni-rich side12 could not be answered a

no such modulations were seen at all. Maybe, they will
revealed after aging within the miscibility gap.

According to Chakraborty,32 theA-B nearest-neighbor dis
tance of anA-B alloy should be larger than the arithmet
mean of theA-A and B-B distances for short-range decom
posed alloys, but smaller for short-range ordered alloys.
displacement parameters of Wu and Cohen3 fulfill the crite-
rion that the state investigated be short-range decompo
~in contrast to theI SRO pattern in Ref. 3!, while the meta-
stable states investigated by Renaudet al.33 using extended
x-ray absorption fine structure~EXAFS! fulfill the criterion
of short-range order~in agreement with theI SRO pattern in
Ref. 8!. More information of the species-dependent sta
atomic displacements is thus required for Ni-Au. For t
present composition of Ni-8.4 at.% Au they may be obtain
if one performs a second diffuse scattering experiment e
ploying the Ni-60 instead of the Ni-58 isotope.

Asta and Foiles34 compared Ni-Au with two other alloy
systems, Ni-Cu and Ag-Cu, which also show a large tw
phase region over the whole range of composition. In th
electronic-structure calculations, Asta and Folies34 distin-
guished two cases: effective pair interaction parame
with ~i! chemical and relaxation-energy contributions and~ii !
only comprising chemical contributions. For Ni-Cu with
small size misfit of 2.5%, the nearest-neighbor paramete
negative in both cases, consistent with diffuse neutron s
tering experiments on samples quenched from above
miscibility gap.35–37For Ni-Au ~and Ag-Cu! a change in sign
is found between both cases; a negative sign is obtaine
both contributions are considered. Thus only case~ii ! is con-
sistent with the results of the present investigation. Con
quently, in contrast to Ref. 7, no problems arise in determ
ing effective pair interaction parameters from diffu
scattering above the miscibility gap.
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