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Summary

In the solid state, the binary system Ni-Au is often considered a prototype of a
phase-separating alloy, as the atomic sizes of its constituents largely differ. In earlier
investigations of the solid solution Ni-60 at.% Au above the miscibility gap using
diffuse X-ray scattering (Wu and Cohen, 1983), short-range order and no precursor
of phase separation was found. This unexpected result was supported by electronic
structure calculations (Wolverton and coworkers, 1998).

Diffuse neutron scattering of solid solutions provides a quantitative analysis of
the local atomic arrangements and the static atomic displacements. In this work, the
local atomic arrangements of 3*Ni-8.4 at.% Au and *®Ni-60 at.% Au single crystals in
the solid solution above the miscibility gap, at 1083 K and 1023 K, were investigated
by elastic diffuse neutron scattering. The Ni-58 isotope was used to reduce the
incoherent scattering and to improve the coherent scattering contrast. Thermal

diffuse scattering was separated experimentally.

In contrast to previous investigations, a tendency towards decomposition was
found. This can be unequivocally concluded from an increase in the elastic diffuse
scattering near the incident beam, a region in reciprocal space not investigated in
previous diffuse X-ray scattering experiments. For larger scattering vectors, the elas-
tic diffuse scattering is mainly due to the displacement scattering resulting from the
large difference in the atomic sizes of Ni and Au. For *®Ni-60 at.% Au, only scatter-
ing intensities along (100) were measured, for %Ni-8.4 at.% Au scattering intensities
within a volume in reciprocal space. Thus, for ¥Ni-8.4 at.% Au, it was possible to
separate short-range order scattering from the linear and quadratic displacement
scattering using least-squares fitting, and a set of Warren-Cowley short-range order
parameters was determined. The Warren-Cowley short-range order parameter for
the shell of nearest neighbors has a positive value, indicating a preference for like

atoms in nearest-neighbor shells (i.e. decomposition).

Crystals modeled on the basis of the Warren-Cowley short-range order param-
eters, show small Au clusters consisting of a tetrahedron and an attached fifth Au
atom as a characteristic feature. In a detailed configurational analysis, basic build-
ing elements of the L1 structure were also found. The L1, structure was suggested
as superstructure for a metastable state by Zhao and Notis (1999).



2 SUMMARY

In a first evaluation of the elastic diffuse neutron scattering of *Ni-8.4 at.% Au
at 1083 K, a value of 0.59(3) was found for the short-range order parameter oo,
much smaller than the theoretical value of 1. Values smaller than 1 were repeat-
edly obtained from diffuse neutron scattering experiments performed at elevated
temperatures. These values can now be clearly traced back to a reduction of the
transmission factor for increasing temperatures. For 3Ni-8.4 at.% Au at 1083 K,
the as-measured transmission factor is 22(4)% lower than at room temperature. The
reason for the reduction is an increase in thermal diffuse scattering. Using the cor-
rect linear absorption coefficient in the evaluation of the diffuse neutron scattering
of %8Ni-8.4 at.% Au, a value of 0.99(4) was obtained for aggp.

In the small-angle neutron scattering of %Ni-8.3 at.% Au polycrystals at elevated
temperatures, an additional scattering contribution was obtained, that increases lin-
early with increasing temperature. It was approximately calculated using incoher-
ent and coherent one-phonon scattering. The remaining elastic small-angle neutron

scattering smoothly merges with the elastic wide-angle scattering data.



Zusammenfassung

Das binire System Ni-Au im festen Zustand wird oft als Prototyp eines entmischenden
Legierungssystems betrachtet, da dessen Komponenten einen grossen Atomgrossen-
unterschied aufweisen. In fritheren Untersuchungen der Mischkristallphase von Ni-60
at.% Au durch diffuse Réntgenstreuung (Wu und Cohen, 1983) wurde oberhalb der
Mischungsliicke Nahordnung und kein Vorlaufer fiir Entmischung gefunden. Dieses
unerwartete Ergebnis wurde mittels Elektronenstrukturberechnungen (Wolverton
und Mitarbeiter, 1998) bestatigt.

Die diffuse Neutronenstreuung an Mischkristallen gestattet eine quantitative Be-
schreibung der lokalen atomaren Anordnung und der statischen atomaren Verschie-
bungen. In der vorliegenden Arbeit wurde die lokale Anordnung der Atome in
58Ni-8,4 at.% Au und %8Ni-60 at.% Au Einkristallen in der Mischkristallphase bei
1083 K bzw. 1023 K mittels elastisch diffuser Neutronenstreuung untersucht. Das
Ni-58-Isotop wurde eingesetzt, um die inkoharente Streuung zu reduzieren und den
koh#renten Streukontrast zu erhohen. Es wurde ausgenutzt, dass die thermisch

diffuse Streuung experimentell separiert werden kann.

Im Gegensatz zu fritheren Untersuchungen wurde eine Tendenz zur Nahent-
mischung festgestellt. Dies zeigt sich direkt in einem Anstieg der diffusen Streu-
ung nahe am direkten Strahl, einem Bereich im reziproken Raum, der mittels dif-
fuser Réntgenstreuung nicht untersucht worden war. Im Bereich grosserer Streuvek-
toren ist die Verzerrungsstreuung der dominierende Streubeitrag; er riihrt vom
grossen Unterschied in den Atomgrossen der Legierungspartner her. Fir S8Ni-60
at.% Au wurden Streuintensititen entlang (100) gemessen, fiir *®Ni-8,4 at.% Au
in einem Volumen des reziproken Raumes. Fiir Ni-8 4 at.% Au konnte somit
mit der Methode der kleinsten Fehlerquadrate die Nahordnungstreuung von der
linearen und quadratischen Verzerrungsstreuung separiert und die Warren-Cowley-
Nahordnungsparameter bestimmt werden. Der Warren-Cowley-Nahordnungspara-
meter fiir die Schale nichster Nachbarn ist positiv, was einer bevorzugten Anordnung

von Atomen der gleichen Sorte als néchste Nachbarn entspricht.

Modellkristalle, die mittels der Warren-Cowley-Nahordnungsparameter erzeugt
wurden, zeigen als charakteristisches Bauelement kleine Goldagglomerate, bestehend

aus einem Tetraeder und einem fiinften angehéngten Goldatom. In einer detaillierten
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Konfigurationsanalyse wurden auch Bauelemente der L1p-Struktur gefunden, die als
moglicher metastabiler Zustand von Zhao und Notis (1999) vorgeschlagen worden

war.

In einer ersten Auswertung der diffusen Neutronenstreuung von %®Ni-8,4 at.%
Au bei 1083 K wurde fiir den Nahordnungsparameter ago ein Wert von 0,59(3)
bestimmt, deutlich kleiner als der theoretische Wert 1. Zu niedrige Werte von oo
wurden wiederholt bei Messungen der elastisch diffusen Neutronenstreuung bei ho-
hen Temperaturen erhalten. Diese Werte konnen jetzt mit der Abnahme des Trans-
missionsfaktors bei steigender Temperatur erklirt werden. Fiir °®Ni-8,4 at.% Au
bei 1083 K ist der Transmissionsfaktor um 22(4)% kleiner als bei Zimmertemper-
atur. Grund dafiir ist die Zunahme der thermisch diffusen Streuung. Mit korrektem
linearen Absorptionskoeffizienten ergibt sich in der Auswertung der diffusen Neu-
tronenstreuung von %8Ni-8 4 at.% Au fiir aggo ein Wert von 0,99(4).

In der Neutronenkleinwinkelstreuung von 58Ni-8,3 at.% Au Polykristallen bei ho-
hen Temperaturen wurde ein zusétzlicher Streubeitrag gefunden, der ndherungsweise
linear mit der Temperatur ansteigt. Er konnte mit Hilfe der kohédrenten und inko-
hirenten Einphononenstreuung niherungsweise als thermisch diffuse Streuung berech-
net werden. Die verbleibende elastische Neutronenkleinwinkelstreuung geht nahezu
glatt in die elastisch diffuse Streuung bei grosseren Winkeln iiber.



1 Introduction

The local atomic arrangement and the species-dependent static atomic displace-
ments from the average lattice in a solid solution characterize its microstructure.
Local correlations in the occupation of the lattice sites are referred to as short-
range order. These correlations are a direct consequence of the interaction between
the constituents. For states in thermal equilibrium, the interatomic interaction can
be determined from the short-range order. Well founded methods to determine
short-range order quantitatively are based on the diffuse scattering of neutrons and
X-rays (e.g. [Kost96], [Scho99a]). They additionally provide information on the
static atomic displacements resulting from the difference in the atomic sizes of the

constitutents.

In textbooks, Ni-Au is often presented as a prototype for a phase-separating alloy
with a large difference in the atomic sizes (~15%) of its constituents (cf. Hume-
Rothery rule). The condensed equilibrium phases of Ni-Au (see Fig. 1) are the liquid
L with a minimum freezing point of ~1228 K at ~42.5 at.% Ni, and the fcc solid
solution with a miscibility gap at low temperatures. The critical point of the misci-
bility gap is at 1083.3 K for ~70.6 at.% Ni. From measurements of the electromotive
force in a galvanic cell between 900 and 1183 K (e.g. [Seig52], [Sell66], [Hofe82]),
positive values for the enthalpy of mixing were determined, corresponding to a clus-
tering tendency. Thus, one expects that the solid solution above the miscibility gap
is characterized by first precursors for phase separation, leading to maxima in the
diffuse scattering near the incident beam and at the positions of the fundamental
Bragg reflections.

Surprisingly, in most of the diffuse X-ray scattering experiments (e.g. [Flin51],
[Flin53], [Wu83]), maxima in the diffuse scattering between the fundamental re-
flections were found, a feature that is attributed to an ordering tendency. An
alloy system showing a tendency for phase separation at low temperatures which
corresponds to a positive enthalpy of mixing and exhibiting short-range order at
elevated temperatures, offers an attractive problem for electronic structure calcu-
lations. Short-range order scattering patterns calculated by Wolverton and Zunger
[Wolv97] agree well with the experimental data of Wu and Cohen [Wu83] and also
explained the decomposition at low temperatures.
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Fig. 1: Phase diagram according to Okamoto [Okam87]. The symbols mark states
investigated by Wu and Cohen [Wu83] (o), this work (e) and Renaud and coworkers
[Rena95] (A) (condition before aging). The chemical spinodal (dashed line) and the
coherent spinodal (dashed-dotted line) [Hofe85] are also shown.

Although the short-range ordered state of the solid solution above the misci-
bility gap seems to be well established, another experimental proof of this state
with present-day experimental tools was called for. In diffuse X-ray scattering ex-
periments, inelastic scattering contributions can not be separated experimentally;
they have to be calculated on the basis of elastic constants and subtracted from
the total diffuse scattering. Therefore, the diffuse neutron scattering of two Ni-Au
alloys was measured in the present work on a triple-axis spectrometer, optimizing

the scattering contrast by the use of the Ni-58 isotope instead of natural Ni.

A sensitive parameter to indicate the quality of the separation of the short-range
order scattering is the Warren-Cowley short-range order parameter ago. By theory,
it has to be 1 (it means that at a given lattice site there is just one atom). In
diffuse neutron scattering experiments performed on Fe-rich Fe-Al single crystals
at 878, 966 and 1073 K, a systematic decrease (up to 50%) in the value of apgo
with increasing temperature was found. Since a low value was also found for %8 Ni-
9.6 at.% Ti [Buch99a] at 1103 K (see Fig. 2), a systematic trend seems to exist. In
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Fig. 2: Values for aggg obtained from elastic diffuse neutron scattering using a triple-
axis spectrometer (TAS) or a time-of-flight spectrometer (TOF). The dashed line
indicates the temperature dependence of the agg value.

experiments using the time-of-flight scattering technique, a less systematic trend was
observed (see Table 10 in appendix A). Only for Pt-11 at.% V, Ni-22 at.% Cr and
Ni-33 at.% Cr, the value of agg was found to decrease with increasing temperature.

To correct the scattering data (to obtain ageo = 1), two types of corrections
were repeatedly employed; (i) Caudron and coworkers [Caud92] rescaled aggy using
an additive term, a correction that has no consequences on the short-range order
parameters for all neighboring shells. (ii) Le Bolloc’h [Boll97] rescaled the complete
set of short-range order parameters, a correction method that changes the values
of all short-range order parameters. As the subsequent characterization of the local
atomic arrangement is based on the short-range order parameters and therefore
could depend on the correction employed, an appropriate correction for age was
searched. The detailed reasons for the unexpected loss in elastic diffuse scattering
intensity at elevated temperatures remained unknown. Therefore, the aim of this
work was to provide a physical explanation and correction for the expected low value
of aggo for Ni-8.4 at.% Au, and thus also for the other investigations summarized in
Fig. 2.
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2 Methods and definitions

2.1 Local atomic arrangements and static atomic
displacements

The microstructure of a substitutional solid solution is characterized by the (static)
arrangement of the atoms on an average lattice and the species-dependent static
atomic displacements due to different atomic sizes. Knowledge of both these features
on an atomic scale is of interest for the understanding of macroscopic properties of

real crystals.

Local atomic arrangement. The actual arrangement of an A-B alloy on the
average lattice is given by the site occupation number pi (1 = A,B) where

. J 1 ifsiter is occupied by a p atom (1)
Pr 0 otherwise.

Since the occupation of an individual lattice site r cannot be determined in an
experiment, macroscopic averages over the whole crystal have to be considered. The
concentration of the component p corresponds to the one-point correlation function
(brackets denote the configurational average)

(p) = %Zpi =c, (2)

where N is the total number of atoms in the crystal and cy + ¢cg = 1. The pair-

correlation function
Y 1
(PEPLrar) = 5 D PhPEvar (3)
T

describes the probability to find an atom v located at 7’ at a fixed distance |dr| = |r'—
r| from an atom p located at r. For a statistically uncorrelated atomic arrangement,
(pﬁpz +d£) corresponds to the product of the concentrations of the » and p atoms.
General expressions for alloys with more constituents or higher-order correlation
functions are given by Inden and Pitsch [Inde91].

The conditional probability P;” of finding an atom v in the neighboring shell
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(defined by the fixed distance dr) of an atom p is given by

oV
T C}L

Using the statistically uncorrelated arrangement as a reference, pair correlations
may be characterized by
P

m =1 . 5
Qg c, ()

The asg (n # v) are the generalized Warren-Cowley [Cowl50a] short-range order
parameters. For binary alloys, u, v € (A, B), the short-range order parameter is

AB
AB dr

As the probability of finding an atom B at a distance |dr| = 0 from an atom A is
equal to zero, ap must be unity. Furthermore, the short-range parameter agr allows

the atomic arrangements to be grouped in three categories.

(i) For a statistically uncorrelated atomic arrangement, Pp%, is equal to cp for

any neighboring shell, and the agr-»p are zero.

(i) For a short-range ordered atomic arrangement, P,® for the nearest neighbors

is larger than cg, and the value of oy, is negative.

(#i3) For a short-range decomposed atomic arrangement, PQB for the nearest neigh-

bors is smaller than cg, and the value of oy, is positive.

While oy, tends to zero with |dr| — oo for a short-range ordered state, it will keep
non-zero values for a long-range ordered state. If aq4, for nearest neighbors is small
in magnitude, it seems more appropriate to determine the state of order from the
position of the global maximum in the short-range order scattering (see comments
in [Wolv98]).

Species-dependent static atomic displacements. Owing to the different
atomic sizes, the atoms are displaced from the positions of the average lattice, and
displacement scattering is observed. Two correlations are used to describe the dis-
placement scattering: (i) the displacement-difference-weighted pair correlation and
(ii) the pair correlation of the displacements. The actual position r of an atom is
described by

r=R+94, (7)



METHODS AND DEFINITIONS 11

where R is the nearby position of the average lattice and ¢, the displacement from
the average lattice. Using the site occupation number pf, the species-independent
displacements J, are converted (mathematically) to species-dependent ones by

oF = pls,. (8)

The species-dependent static atomic displacements ¢ between atoms u and v are
defined as

ész = él; - —I£/+dz' (9)

Since the static atomic displacements can not be determined at an individual site
r in a scattering experiment, one defines the macroscopic average over the species-
dependent static atomic displacements of all pairs of atoms at a fixed average dis-
tance |dr|

(10)

<5W> _ Zﬂpgpz—i"dt(ég—}—df - éz)
s nggp;d;

Only two of the four vectors (8%) are independent; (4) a change of the type of atoms
as central atoms changes the s;gn of (84). (#) The sum of all species-dependent
static atomic displacements of a given distance |dr| is zero since they represent
deviations from an average lattice. Thus, the average displacement between an A
and a B atom in terms of (5;*) and (Q_E‘B) is

1 (g +ca/cs a4 + ca/ea

(@50) = =5 | =N + =) | = —{8&), (11)
2 1-— Qgr 1- Clar

using (QQK‘\) and (ég’f ) as independent variables. These variables are usually given in

terms of the unit vectors e; = a,/|g;| of the average lattice (q; are real space lattice

vectors)
() = (Xaghes + (Yo des + (Zip ey (12)

Depending on the symmetry of the average lattice for fixed distances |dr|, the
species-dependent static atomic displacements (X}¥), (Y}, (Z4}) might be equal

in magnitude or could even be zero.

Pair correlation function of individual displacements. The pair corre-
lation of the static atomic displacement ¢% of an atom p with the static atomic
displacement §,, 4. of an atom v at a fixed average distance dr is given by

Zl p ZpZ+d£(ézéz+dz)
Zz p lrjpz+dz

(007 sar) = (13)
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For dr = 0 the zeroth term of the correlation (479, 4) does not have a zero value,
but it has no practical meaning, in contrast to oy (contrary to Tibballs [Tibb79]).
All correlations (479, ;) are independent variables since

ZZ PEDY var) (040 var) = (Zé ) # 0. (14)

In a scattering experiment, the pair correlations of individual static displacements

are again given in terms of unit vectors of the average lattice, e.g. (XY, ;).

2.2 Diffuse neutron scattering

The elastic coherent scattering of a crystalline solid solution comes from the average
lattice occupied by species-averaged atoms and deviations from the average lattice
either due to correlations in the local atomic arrangement on the average lattice
or due to the atomic displacements from the average lattice. The average lattice
leads to Bragg scattering, while all deviations from the translational invariance
result in diffuse scattering. Thermal vibrations (phonons) are always present in a
solid and lead to thermal diffuse scattering, an inelastic scattering contribution at
all scattering vectors, but particularly pronounced near reciprocal lattice points.
The diffuse scattering due to correlations in the local atomic arrangement is called
short-range order scattering; the diffuse scattering due to static displacements is
called displacement scattering. Small-angle scattering corresponds to the diffuse
scattering near the origin of reciprocal space and provides information about long-
range concentration fluctuations (while displacement scattering vanishes with Q —
0).

Throughout this section, scattering intensities are expressed in terms of scat-
tering cross-sections (differential cross-sections without energy analysis, double-
differential cross-sections for scattering experiments with energy analysis). To intro-
duce the diffuse scattering including thermal diffuse scattering, the coherent double-
differential scattering cross-section is written within the kinematic scattering theory
(see e.g. [Squi96])

d20_ coh
(deE) - kzth/ bmbn exp(i€ - [T = 7))
x (exp(iQ - [, (0) — u, ()]))
X exp(——i%t)dt (15)
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where @ = k; — k; is the “momentum transfer” (referred to as scattering vector; ks
and k; are the wave vectors of the scattered and incident neutrons) and E = E; — Ej
the energy transfer experienced by the scattered neutron, by, the coherent scattering
length of the atom m, r,, the actual (static) position of the atom m given in eq. (7),
u,,(t) the dynamic displacement of the atom m owing to thermal vibrations and

(...) the average with respect to the thermal vibrations.

The thermal average in eq. (15) is given by

(exp(iQ - (1 (0) — u, ()])) = exp(—Mp) exp(—My)
x exp([Q + up (0)][Q - ua (1)]) (16)

with the species-dependent Debye-Waller factors exp(—M,,) = exp(—Q*(ur,(t))/2).
In the following, an average Debye-Waller factor exp(—Mayn) is introduced, identical

for all atoms. The expansion of the second term in eq. (16)

exp([Q - u, (0)][Q - u, (D)) = 1+([Q'Qm(o)][Q'gn(t)D+%"' (17)

used in eq. (15) results in the elastic coherent scattering, the one-phonon scattering
and the multiphonon scattering. The Bragg scattering, the short-range order scat-
tering, the displacements scattering and the small-angle scattering are introduced
on the basis of the elastic scattering contribution, while the one-phonon scattering

is used to approximate thermal diffuse neutron scattering.

2.2.1 Elastic diffuse neutron scattering

Within the static approximation, the elastic scattering is

d20' coh do coh
= —_ 1
(deE) (dQ) o) (18)
with
dQ2 - "

For binary alloys the coherent scattering length b, of the atom m is expressed in

terms of occupation numbers p) given in eq. (1).

Bragg and short-range order scattering. Since the positions r,, do not
depend on time and the static atomic displacements ¢,, are assumed to be zero
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(average lattice), r,, is equal to R,, and the elastic coherent differential scattering
cross-section per atom is

coh
( 31% ) _ % o~ 2Mayn Z by by A2 (Bm=Bn). (20)

It is useful to write the positions of the atoms R,, in terms of the real-space lattice
vectors g;, %7 = 1,2, 3, the scattering vector () in terms of the reciprocal lattice vectors

a; and the scattering vector b = (hi, ho, h3) in reciprocal lattice units (r.1. u.)

R, = la, + may + na, (21)
Q = 2m(ha] + hoaj + haas). (22)

The Bragg scattering represents one term of this differential scattering cross-

section

3
Iogg®) = CL(cal + cobd)eMem 3 6(h — G) (23)
G

Vo

where v, is the volume of the unit cell and G a reciprocal lattice vector. Thus, Bragg

scattering only occurs when h = G.

In addition, short-order scattering is present for all Q. The imaginary part of
the exponential factor in eq. (20) vanishes because of the symmetry of the average

lattice (e.g. Imn = Imn for cubic structures) and

Isgo(h) = caclba — bBIQe"QMdY“ Z Qmn €08(mhyl) cos(mham) cos(mhsn).(24)

imn
For a statistically uncorrelated atomic arrangement, the short-range order scattering
devided by e~2Mayn is constant and is called monotonic Laue scattering (or one Laue

unit, L. u.)

ILaue(Q) = cacglba — be|* (25)

Displacement scattering. Considering the static atomic displacements J,,
from the average lattice sites R,, (the actual (static) position being r,, = R, +6,,),
the differential cross-section (for all @) in eq. (19) is given by

coh
(%(Q)) - %e_QMdyn Z Z bmbm+neiQ-(§m_En)eiQ- (ém—ém+n). (26)

m
The displacement scattering can not be represented in a closed form. Often a series

expansion of the second term in eq. (26) is used (e.g. Borie and Sparks [Spar66] and
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Schwartz and Cohen [Schw87]). To introduce species-dependent static Debye-Waller
factors, a cumulant expansion has to be applied (e.g. Dietrich and Fenzl [Diet89]).
The exponent of the Debye-Waller factor is then written as M = Mgy + Mata,
where M, represents an average value as Mqyn. To describe the weighting factors
due to the coherent scattering lengths by and bp of the displacement scattering
contributions, the following parameters are introduced (written to include the case

of X-rays where the atomic scattering factors are complex)

T Re(bAl')—AbB> (2)
e = Re(2) (28)
7= (29)
S 0

The elastic diffuse scattering (in Laue units) is the sum of short-range order scat-

tering, linear displacement scattering and quadratic displacement scattering,

ILgie(h)

= I
cacglba — bpl2e=2M sro ()

+ Z h QAA + fQBB( )]

1

4 z h2[i2 RAA(h) + 27E RAB (h) + E2REB (h))]

+ ZZhh[ T2SAA(h) + 27ESAB(R) + E2SEB(R)). (32)

i>j

The linear displacement Fourier series Q4 (h) and QP®(h) are

QM () = —27rz +almn WA Y sin(rhyl) cos(mhemn) cos(mhsn)  (33)

Imn

QP(h) = +27TZ +almn WzPB Y sin(rhyl) cos(mhem) cos(mhsn), (34)

and the quadratic displacement scattering Fourier series for, e.g., the AA and AB
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pairs are
R (h) = -27? Z + Qmn ) {T o0 T ) COS(Thyl) cos(mhem) cos(mhsn)(35)
RXB(h) = —2n° gs 1 — Qumn ) {TooThn) cos(mhyl) cos(mhom) cos(mhsn) (36)
Sﬁ‘yA(ﬁ) = +47? g + ) (T oo i) sin(hyl) sin(mham) cos(mhan) (37)
SiP(h) = +4r® lgf 1 — Qumn ){Tooo¥e ) sin(mhyl) sin(mwham) cos(mhan). (38)
Imn

Evaluation procedure. A central task in diffuse scattering investigations is the
separation of the various scattering contributions. Diffuse X-ray scattering data were
approximated using short-range order parameters jm,, and the fitting parameters

for the displacement scattering of, e.g., pairs of type AA and AB

The = —2mn(= o + Qmn) (@enn — To00) (39)
6lmn z = ( + Qlmn) <x‘(1)\00xﬁnn> (40)
5lmn . = =217 (1 — Qi) (T 00T yun) (41)
mmay = 2( + Q) {T000Yimn) (42)
eﬁr]?n Ty +47r (1 - almn)(-Tvooyl]?nn)- (43)

Measuring scattering intensities at more than 25 symmetry-equivalent positions
within a three-dimensional minimal volume of reciprocal space, allows the species-
dependent static atomic displacements (z}, = — zfo,) and the species-dependent cor-
relations (zhyyL,.,) to be determined. This separation procedure exploits the |h|-
dependence of the atomic scattering factors for X-ray scattering.

Three evaluation procedures may be distinguished; (i) separate the various terms
in eq. (32) before determining the Fourier coefficients for each term (e.g. Georgo-
poulos-Cohen method [Geor77)); (i) fit directly the leading Fourier coefficients (first
implemented by Williams [Will72] and summarized in appendix E); (éii) separate
the quadratic displacement scattering on the basis of additional experimental in-
formation before determining the Fourier coefficients for the short-range order and
linear displacement scattering (3\-method referred to in [Jian96]).

The separation of scattering contributions contained in the elastic diffuse neutron

scattering is restricted to 10 terms, as the scattering lengths b, do not depend



METHODS AND DEFINITIONS 17

markedly on the scattering vector h. The Fourier series accessible are

Qi(h) = nQM(h) +£Q7°(h) (44)
Ri(h) = PRM(h)+ 27ERME () + ERPP(h) (45)
Sii(h) = WPSEA(R) + 2RESSP(R) + E2SEP(R). (46)

The species-averaged fitting parameters are then given by

AA BB
6lzmn = 6lmn z + 6lmn z + 5lmn T + 6lmn T (48)
T AA BB AB BA
6lrzrlm = €mn Iy + €imn LY + €imn LY + €imn XY (49)

Adequate evaluation procedures are the separation method of Borie and Sparks
[Spar66] and the least-squares fitting implemented by Williams [Will72]. To deter-
mine species-dependent static atomic displacements in a neutron scattering exper-
iment, measurements of the elastic diffuse neutron scattering of two single crystals

with different isotopic content, but identical microstructure would be required.

2.2.2 Small-angle neutron scattering

Small-angle scattering (in the region close to the origin of reciprocal space) is caused
by the variation of the scattering length density over distances exceeding the inter-
atomic distances in crystalline solids. Details on a scale smaller than the size of the
unit cell will not be resolved and the discrete arrangement of scatterers in eq. (20)
may be replaced by a continuous distribution p(r) of scattering lengths, called scat-
tering length density. The small-angle scattering cross-section per atom is given

by
do SAS 1
(@) -~

where N is the number of scattering centers in the sample volume V;. The fluctuation

2

/ p(r) exp(iQ - 1) | (50)

s

in the scattering length density is

Ap(r) = p(r) — p(r) (51)

taking the scattering length density p(r) as reference, averaged over distances larger
than 1/Qmin (Qmin being the minimal scattering vector where small-angle scattering

intensities were registered in the experiment). Then, the small-angle scattering

d_USAs—i
dQ - N

cross-section is
2

| 20t expli@- e (5)

s
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Further details may be found, e.g. in [Kost96].

2.2.3 Thermal diffuse neutron scattering

Kothari and Singwi [Koth59] calculated the total thermal diffuse scattering cross-

section oTps and

dO' TDS o
(m) _ IS n(—aM), (53)

using the following assumptions:
(1) The thermal diffuse scattering is basically one-phonon scattering.

(i) The coherent and incoherent one-phonon scattering cross-sections are written

as
d20' coh
<m> = Oc¢oh eXp(—zM)Fcoh(va) (54)
d2o O\ e .
04E = COinc eXp(*ZM)Rnc (Qv (U), <55)

where Feon(Q, w) and Fin.(Q,w) are scattering functions that do not describe
the interaction of the neutron with the atoms, but the relative positions of
the atoms in the scattering system and their motion. Integrated over the solid
angle d§2, Fion(Q@,w) is assumed to be equal to Fine(Q,w), a procedure that
is referred to as incoherent approximation. Then, the total thermal diffuse

scattering cross-section is
oTDs = (Ucoh + Uinc) /Rnc(gyw)dw- (56)

(i) The coherent and incoherent one-phonon scattering is proportional to the
squared scalar product of the scattering vector @ and the polarisation e,
of a particular vibration mode s. The sum over all lattice modes s is ex-
pressed within the Debye approximation by the density of states Z(w) =
3h%w?/(ksfp)® and the Debye temperature 6p

k. — k) - e,|? 3h%w
Z it j) | = (b —k)’N——3 (57)

(ksfp)?

for phonon emission and phonon absorption.
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Fig. 3: Thermal diffuse scattering cross-section opg calculated for ¥Ni-8.4 at.% Au
using eq. (58) [Koth59].

The integration with respect to the energy transfer hw is converted into an integra-

tion over F¢ and the total thermal diffuse scattering is

o . 3(0c0h+0inc)m 2 2 E;
DS~ M 0o ) kebp

Op/T kBT % kBT z
1 — 2
X /0 ( ~+-in) ( +in>ez_1dz, (58)

where m is the mass of the neutron and M the averaged mass of the atoms.

For all temperatures, the thermal diffuse scattering cross-section of **Ni-8.4 at.%
Au (see Fig. 3) has a minimal value at about 5 meV for the energy of the incident
neutrons. For thermal neutron energies E;, the value of orpg varies approximately

linearly with the sample temperature.
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2.3 Modeling and ordering energies

In order to investigate the physical properties of a local atomic arrangement, crystals
of typically 32 x 32 x 32 fcc (or bee) unit cells were modeled based on a set of short-
range order parameters. Typical elements of ordered structures are determined by
configurational analysis of model crystals. Such model crystals are also the basis for
the determination of effective pair interaction parameters using the inverse Monte
Carlo method. From these effective pair interaction parameters, ordering energies

are determined and possible ground state structures can be assessed.

Model crystals. Gehlen and Cohen [Gehl65] introduced a procedure for mod-
eling crystals from a set of short-range order parameters. Starting from a crystal
representing a statistically uncorrelated local atomic arrangement, a minority and
a majority atom are exchanged, and short-range order parameters are calculated
until the short-range order parameters of the finally modeled crystal lie within the
statistical errors of the experimental data. As an example, Fig. 4 shows the local
atomic arrangement on {111} planes of Ni-rich Ni-Au for a statistically uncorrelated
and a short-range decomposed model crystal. While in the short-range decomposed
state small groups of minority atoms (Au) are characteristic, in the statistically un-
correlated arrangement, the minority atoms are less frequently surrounded by other

minority atoms.

Fig. 4: A {111} plane of 5¥Ni-8.4 at.% Au. (a) Equilibrium state at 1083 K, (b)
statistically uncorrelated arrangement (open circles: Ni atoms; filled circles: Au
atoms).
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Configurational analysis. As in solid solutions local configurations for pre-
cipitates or ordered structures are expected, the model crystals were searched for
characteristic configurations. Clapp [Clap71] introduced a nomenclature that de-
scribes all possible nearest-neighbor configurations (Clapp configurations) for bce
or fcc structures of a binary alloy. Two quantities are attributed to each Clapp
configuration: (i) its abundance with respect to the total number of configurations
and (i) the enhancement factor defined as the ratio of the abundances between the
actual atomic arrangement and a statistically uncorrelated one. Model crystals may
be searched for possible (i) superstructures or (#) agglomerates of minority atoms.

Superstructures. Long-range ordered, stoichiometric structures are character-
ized by a few typical nearest-neighbor cohﬁgurations. The L1, superstructure, for
example, is characterized by the Clapp configuration C16 (see Fig. 5). In sub-
stoichiometric, but still ordered configurations, minority atoms are replaced by ma-
jority atoms. Therefore, typical sequences can be found, classifying these config-
urations using the number of replaced minority atoms as a criterion. For sub-
stoichiometric L1, superstructures the sequence C16 — C7 — C3, C4 is character-
istic (see Fig. 5). If configurations of such sequences have large enhancement factors
and large abundances, the corresponding superstructure is expected to describe the

stable low-temperature state.

Fig. 5: Clapp configuration C16, describing the perfectly ordered, stoichiometric
L1, structure. For sub-stoichiometric L1,, the sequence C16 — C7 — C3, C4 is
characteristic.
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Agglomerates of minority atoms. In order to get the shape of the agglomerates,
the case of minority atoms around minority atoms is investigated. Configurations
such as platelets, rods or tetrahedrons can be distinguished. The arrangement of
these configurations (e.g. platelets on {100} planes) is irregular and does not corre-
spond to the periodic sequence of platelets on (100) planes as observed for example,

for the long-range ordered L1y structure.

Ordering energy. The local atomic arrangement of states in thermal equilib-
rium (represented by model crystals) can be parameterized by a generalized Ising
Hamiltonian H. The input parameters for the Monte Carlo simulation (see ap-
pendix B) are the effective pair interaction parameters calculated from model crys-
tals using the inverse Monte Carlo method (see appendix C). In the following, first a
Hamiltonian for local atomic arrangements is presented, then a Hamiltonian taking

the static atomic displacements explicitly into account.

Let the energy of formation H of any atomic arrangement be represented by a

series expansion up to second order in the site occupation numbers py,
1 .
o= B YR Y S e )
r v wy rrtdr

where V" are the chemical potentials of the component v and V" are the species-
dependent pair interaction parameters for the atoms p and v at the lattice sites r
and r + dr.

The first two terms in eq. (59) represent the energy of a statistically uncorrelated

atomic arrangement,

Ho+Y SN VPpl = Hy+NVA(1—cg) +NVPes (60)

where N is the number of atoms. The third term is given by

% 2 2 Vi = %Z [(1 = cB)Vigh + &V + 2c8(1 — cB) V]
dr

pv rr+dr

N
+ 5(:3(1 — cg) Z [VaA + VR —2VRP] ag,. (61)

dr

Thus, the energy of formation H is given by two contributions; the first only depends
on the overall composition and only the second on the local atomic arrangement.
The latter term is referred to as the ordering energy

AHord/N = CACB Z adtvdi (62)
dr
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with the effective pair interaction parameters

1

Vi = 5 (VaA + V2P —2VP) . (63)

r
Cook and de Fontaine [Cook69] introduced a series expansion up to second order
in the site occupation numbers p) and the components of the species-dependent

static atomic displacements 6,

Ho= M XS5 Y Ve

pv rr+dr

D D Ul P ~ P abha)

a pv rrtdr

* —;— Z Z Z q)sfpgp2+dz5za‘5§+dp (64)

aff pv rr+dr

where ®9,. are the solute-lattice coupling parameters and ég‘f the lattice coupling
paramete;s. Assuming thermal equilibrium on a completely r(;laxed lattice, the sum
of all forces on the atoms is zero and the three terms in p&py, . can be rewritten in
one term. The Hamiltonian H then has a form similar to eq. (59), and the effective

pair interaction parameters are interpreted as

Vir = Vig™ + Vir (65)

where Vdigeal are the effective pair interaction parameters describing the average
lattice and V! those describing the static displacements due to different atomic
sizes of the constituents. Thus, experimentally determined coupling parameters ®g.

and @35 provide direct access to the quantity V;?.

Effective pair interaction parameters. If the local atomic arrangement in
thermal equilibrium is characterized by a representative set of short-range order
parameters oums, the effective pair interaction parameters can be calculated from
model crystals using either mean-field statistical mechanics or the inverse Monte
Carlo method (see appendix C). Mean-field statistical mechanics gives an expres-
sion (referred to as Krivoglaz-Clapp-Moss approximation [Clap66, Kriv69a|) relating
the Fourier transform Isgo(h) of the short-range order parameters to the Fourier

transform V (k) of the effective pair interaction parameters

1

- _ . (66)
1+ QCACBV(Q)/]CBT

Isro(h)

Depending on the effective pair interaction parameters, the local atomic arrangement

of solid solutions can be classified into short-range ordered, short-range decomposed
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and statistically uncorrelated arrangements. Maxima in Isgo(h), for example, cor-

respond to minima in V(Q), and a short-range ordered atomic arrangement.
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3 Experimental

3.1 Sample preparation

Starting material for the sample preparation was 5N+ gold (Métaux Précieux SA
METALOR, Neuchatel, Switzerland) and isotopically pure (99.86 at.%) **Ni (State
Scientific Center, Moscow, Russia). The isotopic content and the content of other
elements as certified by the company are given in Table 1. The purity of the Ni-58
isotope, being crucial in the neutron scattering experiments, was verified using mass
spectroscopy (Dr. M. Débeli, ETH Ziirich). The isotope, delivered as a powder,
was first arc-melted and solidified as small spheres. The alloying with gold was
performed in an induction melting furnace in order to get a homogeneous starting

material for the subsequent crystal growth using the Bridgman technique.

Gold has a large absorption cross-section for thermal neutrons (see Table 11 in
appendix D) and X-rays. Only for ®Ni-rich ®Ni-Au alloys (cau < 20at.% Au), the
ideal thickness d of a sample (at E; = 14.68 meV) is larger than 2 mm. A diameter
of 8 mm (cylindrically shaped sample) is suited to investigate the diffuse neutron
scattering of *®Ni-10at.% Au; for Ni-60 at.% Au, a diameter of 2 mm was chosen.

The experimental parameters for crystal growth were determined using binary
alloys of ®Ni-10 at.% Au, and a standard procedure was developed. A **Ni-10
at.% Au single crystal was grown by the Bridgman technique (velocity of growth
of 0.7 mm/h). Any further speed led to the appearance of dendrites. As in any

Table 1: Abundance of the isotopes and content of other elements certified for the
58Ni powder used in the sample preparation.

isotope abundance | element content element content
[at.%)] [wt.%] [wt.%)]

58 99.86 Cu 0.01 Pb 0.003

60 0.13 Ca 0.004 Si 0.003

61 Fe 0.003 Al <0.002

62 0.01 Mg 0.003 Cd <0.001

64 Na 0.003 K <0.001
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Fig. 6: Gold concentration on the top (open symbols) and the bottom (e) face of the
cylindrical %®Ni-8.4 at.% Au sample used for wide-angle neutron scattering. Four
scans were measured on the top face rotating the sample by 0° (o), 45° (V), 90° (A)
and 135° (o). Edge effects due to a beam size of 1 mm? restrict the usable range to
6 mm. The grey area stands for the width of the standard deviation over 50 values.

neutron scattering experiment, a small concentration gradient and a high quality
of the single crystal are important. In order to check for concentration gradients
and to determine the absolute concentration, energy dispersive X-ray fluorescence
analysis (TX 5000, Spectrace Instruments, California, USA) was employed. Two
polycrystalline standards with nominal compositions of Ni-8 at.% Au and Ni-12
at.% Au were used to determine absolute concentrations by linear interpolation.
On the basis of line scans along the growth axis, a cylindrically shaped sample
with a diameter and height of 8 mm was selected and cut out of the as-grown single
crystalline ingot using spark erosion. Within the resolution of the X-ray fluorescence
analysis (~1 mm in space, ~0.4 at.% Au in concentration), no concentration gradient
along the growth axis was detected. For the area perpendicular to the growth axis,
a small concentration gradient is present (see Fig. 6). The values are within the
error bar of the absolute concentration of *®Ni-8.4(4) at.% Au, using the standard
deviation over 50 individual positions. The cylinder axis of the sample is near

(421). This orientation is suited for diffuse scattering experiments, as the main
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cubic directions can be reached within about 25° in tilt on an Eulerian cradle.

The adjacent, not completely monocrystalline part was used to prepare a poly-
crystalline plate for small-angle neutron scattering. After plastic deformation and
recrystallization at 873 K (final average grain size ~50 pm), two disk-shaped sam-
ples, 10 mm in diameter and 2.74(2) mm in thickness, were prepared. The absolute
concentration was 8.3(4) at.% Au. To compare an as-quenched state with a state in
thermal equilibrium at 1173 K, one of the samples was annealed at 1173 K during

5 days and quenched in brine.

The 5Ni-60 at.% Au single crystal was grown by the Bridgman technique (veloc-
ity of growth 0.7 mm/h). The cylindrically shaped sample cut out of the as-grown
single crystalline ingot had a diameter of 2 mm and a height of 10 mm. The cylin-
der axis of the sample was near (421). The fundamental Bragg reflection 200 was
reached within 15° in tilt on an Eulerian cradle.

The polycrystalline sample was a plate with a diameter of 10 mm and a thickness
of 0.5 mm. It was prepared from the not completely monocrystalline part of **Ni-
8.4 at.% Au adding gold to reach the final concentration of ®Ni-60 at.% Au. To
compare an as-quenched state with a state in thermal equilibrium at 1173 K, the
sample was annealed at 1173 K during 6 days and quenched in brine.

3.2 Small-angle neutron scattering

3.2.1 Set-up at SANS-I

The small-angle scattering of ®*Ni-8.3 at.% Au and *®*Ni-60 at.% Au was measured at
various temperatures near and within the miscibility gap using a high-temperature
furnace (see Fig. 7). This high-temperature furnace had been successfully used in
previous small-angle scattering experiments [Komp01]. Only a summary is given in
the following. The furnace is decoupled from the detector and the collimation vessel
(two Al windows, 0.3 mm in thickness) to guarantee high-vacuum conditions during
the aging processes at elevated temperatures. The beam-defining aperture (6 mm
in diameter) incorporated in the furnace, is about 1.5 cm in front of the sample.
The sample holder is mounted on a vertical translation table to adjust the sample
with respect to the beam-defining aperture. At elevated temperatures, the length
of the sample holder significantly increases owing to thermal expansion, and the
adjustment of the sample versus the aperture had to be repeated. The temperature

is measured near the sample on the sample holder.
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The small-angle scattering experiments were performed on the small-angle scat-
tering instrument SANS-I (PSI, Villigen, Switzerland). SANS-I (see Fig. 7) is sup-
plied with neutrons from the spallation source SINQ (PSI, Switzerland). The neu-
trons are moderated at 25 K by heavy water (resulting in a neutron flux distribution
with an average energy of 2.2 meV). These neutrons are guided to the location of
the small-angle scattering instrument using neutron guides (50 mm x 50 mm in
diameter). A mechanical velocity selector was used providing a wavelength resolu-
tion of 10%. Since metastable L1y-ordered precipitates are proposed by Zhao and
Notis [Zhao99] for Ni-Au, a wavelength of 8.0(8) A was chosen to avoid multiple
Bragg scattering. The sample-to-detector distance was set to 2 m, corresponding to
a scattering vector range of 0.02 to 0.24 A-1. The collimation length was set to 4.5
m. Scattering intensities were registered by a two-dimensional position-sensitive SHe
detector (gas filling: *He and CF4 under partial gas pressures of 2.3 and 0.7 bar).
The number of the detector elements (7.5 mm X 7.5 mm) is defined by 128 x 128
wires. The direct beam was masked by a beam stop (boron carbide, 85 mm x 85
mm). Data were taken under monitor control.

To convert the small-angle scattering intensities of °®Ni-8.3 at.% Au to absolute
scattering cross-sections, the elastic incoherent scattering of a vanadium single crys-
tal (thickness of 2.83 mm) was registered at room temperature. The background was
measured without sample (empty configuration) and with a boron nitride sample
(thickness of 3.0 mm).

Collimation Sample-to-detector
length | distance
Beam
—+ Stop
Ny, x//
LA W e ) S
e T ~In
Collimator / b \
Velocity Furnace etector
selector
Detector
vessel

Fig. 7: Small-angle scattering configuration used in the experiment. The distance
between velocity selector and collimator is not to scale as the complete collimator
device has a total length of 40 m.
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3.2.2 Data corrections and calibration

All registered two-dimensional scattering patterns were corrected for background
due to the sample environment and the detector electronics using

Q) Q) Iw@ | [EQ L@
Ls  Lg Lavs Lg Laps |’

(67)

where I; are the as-measured scattering intensities and L; the monitor counts of
the sample (S), the boron nitride sample (Abs) and the empty configuration (E).
The transmission factor A describes the beam-attenuating processes (coherent and
incoherent scattering as well as true absorption). For a thin slice with a linear

absorption coefficient

s A
H = 21_3 (Ucoh + Cinec + Uabsm + UTDS) (68)
the transmission factor A is given by
A = exp(—pd) (69)

where s is the number of atoms in the cubic unit cell, a the lattice parameter,
d the sample thickness, 0. the elastic coherent scattering cross-section, oi,c the
elastic incoherent scattering cross-section, o,y the absorption cross-section and ops
the scattering cross-section due thermal diffuse scattering. The elastic coherent
scattering cross-section o does not include Bragg scattering, since no fundamental
reflection was excited. For the 110 fundamental reflections of Ni-Au (fcc unit cell),

the Bragg cut-off condition
A
%\/5 > sin(fpmax) = 1 (70)

is fulfilled if the wavelength A is larger than 5.1 A (as in the present experiment
with A = 8 A). The thermal diffuse scattering of ®Ni-8.3 at.% Au has to be taken
into consideration in the linear absorption coefficient and is calculated using eq. (58)
[Koth59]; at elevated temperatures the transmission factor A is significantly reduced

(see section 4.3).

The detector of SANS-I registers inelastically and elastically scattered neutrons
since no energy analysis is performed after the sample. The background-corrected
scattering intensities 19"/ L; of the sample (S) and vanadium (V) registered within

a solid angle AQ) and an energy range AE are

e/ L, o dx2
i — 1/ 2 1
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where V; is the (illuminated) sample volume. The neutron flux ® is the intensity
of the incoming neutron beam per illuminated area on the sample. As the detector
efficiency f(FEr) for scattered neutrons with a final energy Er and the flux ® can not
be determined experimentally with high accuracy, one also measures the incoherent

scattering of vanadium. Thus, the macroscopic differential scattering cross-section

AT} _ Lydy Ay [ (dT 72)
dQ/,  Lsds As I¢ \dQ )

of the sample is

In order to compare the wide-angle and the small-angle neutron scattering inten-
sities, the macroscopic scattering cross-section in eq. (72) was converted to the

(microscopic) scattering cross-section per atom in the volume a? of the cubic unit

) - 306

and converted to Laue units (L. u.) using the monotonic Laue scattering of a statis-

cell using

tically uncorrelated local atomic arrangement (see section 2.2.1). Additionally, the
elastic incoherent scattering of the sample was subtracted. Then, the microscopic

scattering cross-section for small-angle scattering is

d_O' SANS B 1 a?s’ sy Ly dy Ay I§0r Oinc,V
Q)5 cacaloa —bal Lss o} Ls ds As If" 4r

—CACinc A — CBOinc,B | - (74)

3.3 Diffuse neutron scattering experiments

3.3.1 Set-ups at Driichal. and RITA-II

Diffuse neutron scattering measurements were performed at temperatures above
the miscibility gap using a high-temperature furnace (see Fig. 8) mounted on an
Eulerian cradle (Model 512.1, Huber, Rimsting, Germany). A detailed description
of the high-temperature furnace is given in the thesis of Bucher [Buch99b].

Set-up procedure. In a first step, an adjustment pin mounted in the furnace
was brought to the center of the Eulerian cradle using the xy table (maximal travel of
410 mm, integrated in the base plate) and the z motion of the ¢ axis. The center is
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kept as a reference using a theodolite. Then the sample is mounted. The cylindrically
shaped sample was mounted on a sample holder (4N nickel, polycrystalline) by laser
welding (see Fig. 9) to achieve good thermal contact between the sample holder
and the sample. To reduce scattering contributions due to the sample holder or
parts of the heating device, both were covered by boron nitride. The neck (diameter
2.5 mm, height 1.5 mm, surrounded by a plate of boron nitride shielding) was
chosen to reduce the x dependence of the scattering volume resulting in a maximal
variation in the scattering volume of less than 1%. On the base plate, an N-type
thermocouple (Nicrosil-Nisil) is permanently installed. The sample holder is placed
on the thermocouple; the thermocouple tip is positioned about 2 mm below the neck
of the sample (see Fig. 9). The N-type thermocouple is calibrated using two K-type
thermocouples (Chromel-Alumel) directly welded on a polycrystalline sample with

Quartz glass

120 mm

Base plate

XY-table 225 mm

Fig. 8: Cut through the high-temperature furnace used in the diffuse scattering
experiment.



32 EXPERIMENTAL

similar composition and dimension as the sample used in the scattering experiment.

Calibration curves for Ni-Au and Fe-Al are given in Fig. 10.

They show that the absolute value of the temperature is determined within £10K
(see Fig. 10 for Fe-Al above 1100 K). As the heat conduction depends on the elements
used and on the diameter ratio of sample and neck, the calibration curves for Ni-
rich Ni-Au and Fe-rich Fe-Al differ. In a next step, the heating device is mounted.
The heating coil is made of Mo(LaO;) wired around an Al;O3 holder. Below 1073
mbar, the Mo(LaO,) wire (diameter 0.8 mm, length ~2 m) is stable up to 1700
K. During a measurement, the maximal temperature variation is =1 K within two
weeks. Two concentric heat shields (tungsten) reduce heat losses. The heating power
is supplied by a power supply (PS-9072, EA, Viersen, Germany), the temperature is
controlled by a Eurotherm temperature controller. Next, the orientation matrix is
determined at room temperature from at least six Bragg reflections. This requires
that the furnace is well rotatable around the ¢ and x axes. At elevated temperatures,
the range of x rotation is restricted to about 60 degrees since the quartz glass
cover is connected to a turbomolecular pump fixed on top of the Eulerian cradle.
Therefore, the orientation matrix can only be determined from a reduced number of
fundamental reflections at elevated temperatures. Heating to about 1100 K needs

/ Sample
Neck —
Laser weld

Sample holder

Inside thermocouple

10 mm
| e |

Fig. 9: %Ni-8.4 at.% Au single crystal and "*Ni sample holder. Also, the position
of the thermocouple is indicated.
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Fig. 10: Temperature calibration for Ni-8.4 at.% Au (o) and Fe-21.9 at.% Al
[Buch99b] (e). The thick straight line shows equal values of the inside tempera-
ture and the calibrated sample temperature.

about three hours, the heating speed is limited by the vacuum condition required
for the Mo(LaO,) wire. Cooling to about 373 K takes two hours. Finally, diffuse
scattering is measured for a given set of positions in a three-dimensional volume of

reciprocal space.

The triple-axis spectrometer DriichaL. The diffuse neutron scattering of
Ni-rich Ni-Au was measured on the triple-axis spectrometer (see Fig. 11) DriichaL
(PSI, Villigen, Switzerland) with an energy transfer AE = Et — Ej set to nominal
zero. The monochromator is composed of nine vertically focusing pyrolytic graphite
single crystals having [00.2] normals. The neutron beam is focused on the sample
position by tilting of the pyrolytic graphite crystals. The analyzer is composed of
seven pyrolytic graphite single crystals to focus the scattered neutron beam hori-
zontally. Slits before the sample (15 mm X 15 mm) were set in such a way that the
sample is always bathed in the beam, independent of the sample tilting (x). Slits
after the sample (15 x 15 mm) and before the detector (15 mm x 160 mm) were
set to reduce background scattering. No further collimation was used. The A/n
harmonics at E; = 14.68 meV were suppressed by pyrolytic graphite (10.5 cm in
length) [Loop66] leading to Iy/s/Iy < 1073. At an energy E; of 4.76 meV, the A/n



34 EXPERIMENTAL

harmonics were suppressed by 17.1 cm of liquid-nitrogen-cooled beryllium [Berg66].
The scattered neutrons were registered using a *He detector (gas pressure 5 bar). To
take fluctuations of the intensity of the incident neutron beam into consideration,

the measurements were done under monitor control.

The elastic diffuse scattering of a 3Ni-8.4 at.% Au single crystal was measured at
1083 K, about 100 K above the miscibility gap using incident neutrons of 14.68(50)
meV. Typically, for 3¥Ni-8.4 at.% Au 300-3000 counts within 840 s were registered.

Monochromator

Neutron beam

PG Filter,
Shit &
Monitor

Furnace

Slit &
PG Filter

Analyzer

Shit &
3He Detector

Fig. 11: Triple-axis configuration [Buch99b] used in the experiment.
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The scattering intensities were measured at about 730 crystal settings located on
a grid of 0.1 r.1.u. spacing within a three-dimensional volume of reciprocal space,
suited for the separation of short-range order scattering and linear displacement
scattering. These settings are in a scattering vector range of magnitudes from 0.2
to 2.1 r.L.u. The difference in atomic size of Ni and Au atoms is large and large
displacement scattering is expected. Short-range order scattering is dominant only
within the first Brillouin zone. In the case of a short-range decomposed alloy, a
maximum close to 000, the origin of the reciprocal space, should be observed. To
get scattering data near the origin of reciprocal space, about 20 settings along h00
within 0.13 to 0.60 r.1. u. were measured using neutrons of 4.76(15) meV.

To convert the diffuse scattering intensities to absolute units for both diffuse
neutron scattering measurements, the elastic incoherent scattering of a vanadium
sample with identical dimensions as the sample was measured. For background
corrections the scattering of a cadmium sample (identical dimensions as the sample)

and of the empty furnace was measured.

Measurements on the triple-axis spectrometer RITA-IL In 2001, the
triple-axis spectrometer DriichaL was replaced by the triple-axis spectrometer RITA-
I1. The diffuse neutron scattering of 3Ni-60 at.% Au at 1023 K, about 30 K above
the miscibility gap, was therefore measured on the triple-axis spectrometer RITA-II.
The triple-axis spectrometer was equipped with the high-temperature furnace and
an Eulerian cradle. For incident neutrons of 14.7(5) meV, pyrolytic graphite was
used to suppress higher harmonics. Typically, 200-700 counts within 5400 s were
registered. The scattering intensities were measured at about 20 positions along
h00 within 0.2 to 1.8 r.l.u. At all positions the scattering of a vanadium and a
cadmium sample with identical dimensions as the sample and the scattering of the

empty furnace were measured.

The transmission factors of a %Ni-8.4 at.% Au, a Fe-20.6 at.% Al and a *®Ni-8.4
at.% Ti single crystal were measured between 293 K and 1100 K on the triple-axis
spectrometer RITA-II (PSI, Villigen, Switzerland). The incoming neutron beam
(E; = 14.7(5) meV) was collimated (collimation of 40’), and the A\/n harmonics were
largely eliminated using pyrolytic graphite (5.1 cm in thickness). To illuminate a
well-defined scattering volume of the sample, close slits (3 mm x 5 mm) were set in
front of the sample. Measuring the transmitted neutron beam of the sample and the
empty configuration gives directly the transmission factor and the linear absorption

coefficient of the samples.
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3.3.2 Data corrections and calibration

Neutron scattering from the sample environment (e.g. quartz glass or boron ni-
tride) gives additional scattering contributions. To avoid systematic errors due to
these scattering contributions, scattering intensities were eliminated according to
the following criteria.

(1) Scattering intensities in the range of the Debye-Scherrer rings of the boron

nitride cover (see Fig. 12) were eliminated.

(ii) Close to fundamental reflections, the energy transfer for the excitation of
acoustic phonons decreases to zero values. Therefore, thermal diffuse scat-
tering can no longer be discriminated experimentally; for an energy resolution
of 0.5 meV, scattering intensities within 0.25 r.1.u. around the fundamental
reflections are affected by thermal diffuse scattering and are not considered in

the evaluation.

(71) The increase of the scattering intensities due to the sample environment near
the incident beam direction is seen in Fig. 12. Therefore, scattering intensities
within 0.4 r.1.u. around 000 (E; = 14.68 meV) are not considered in the
evaluation, for F; = 4.76 meV not within 0.15 r.1. u.

The as-measured diffuse neutron scattering and the small-angle scattering of each
position @ were corrected for background using eq. (67). Both, the elastic diffuse
scattering of the sample and the elastic incoherent scattering of vanadium were

background corrected.

The transmission factor A for cylindrically shaped samples investigated in a wide-
angle scattering experiment depends on the scattering angle 26. For the cylindrically
shaped Ni-Au and V samples it is

A(G) — e—[a1+b1 sin2(0)]ur—[az+b2 sin?(8)|u?r? (75)

with a;= 1.7133, b;= —0.0386, ay= —0.0927 and by= —0.3750 as given by Rouse
and coworkers [Rous70] and Hewat [Hewa79]. The linear absorption coeflicient p
includes the thermal diffuse scattering calculated using eq. (58).

Parameters used in the calibration. Owing to static and dynamic atomic
displacements from the average lattice, the scattering amplitudes are attenuated by
an exponential factor, the Debye-Waller factor, the exponent of the Debye-Waller
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Fig. 12: Typical measurements; empty sample holder (o) and Cd sample ().

factor being

2:(Q) = 2B(@) 0.

Q )R (76)

Assuming that the static and dynamic atomic displacements are uncorrelated, B(Q)

is given as the sum of a static and a dynamic part, By, and Bgyn.

The static part Bga was derived by Krivoglaz [Kriv96b] based on the assumption
that the solute atoms in a dilute solution can be treated as point defects. For point
defects with cubic symmetry in an elastic continuum, the static Debye-Waller factor

is given by

2 2
Bua = 2a1ca(l — ca) (1 + ”) (3%) , (77)

1—v
with Poisson’s number v

y=_ 492 (78)
12t Cn
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and the constant a; that has a value of 0.0587 for the fcc structure. The derivative
of the lattice parameter a of Ni-Au with respect to the concentration cy, is taken
from Okamoto [Okam87]. The elastic constants ¢;; =204 GPa, cjo =141 GPa and
cq4 =89 GPa for Ni-8.4at.% Au at 1083 K are estimated from the elastic constants
of pure Ni and Au [Simm71].

The dynamic part Bgyn is (Debye model see section 2.2.3)

= g B0/ T) (19
where p is the Debye temperature and m the average atomic mass. The values for
the integral function ®(fp/T) are listed in [Macg62]. The Debye temperature 6y is
determined from the elastic constants by

Cq4q C12 + Cyq

B o J( (80)

€11 — Caa’ C11 — Cag
where the function J is determined according to Leibfried [Leib55]. For the static
part By and the dynamic part Bgy, values of 0.115 x 1072 nm?® and 1.481 x 10~2 nm?
were obtained. For vanadium measured at room temperature B = 0.485 x10~% nm?
was used [Cole70]. .

Multiple séatfering was estimated in the quasi-isotropic approximation of Vine-
yard [Vine54] for zero-energy transfer. The correction term D consists of one part
F(p, R, H) that depends on the scattering geometry and a second part that depends
on the elastic scattering cross-sections and the absorption cross-section
Ocoh T Oinc + OTDS

D=F(u,R,H) )
Ocoh + Oinc + Tabs + OTDS

(81)

The variable R is the radius of the cylindrically shaped sample and H its height.
The values of F(v, R, H) for different geometries and linear absorption coefficients
p are listed in [Sear75].

Calibration. The corrected scattering intensities I{°" per monitor L; of the

sample (S) and the vanadium standard (V) are expressed by

/L, = do?
. s . AN _r . 2
e~ A0+ DIN [ B g (52)

As the detector efficiency f(E¢) and the flux @ can not be determined experimentally
with high accuracy, the common approach is to consider them by measuring the
elastic incoherent scattering of vanadium under identical conditions. Then, the
differential scattering cross-section of the sample is expressed by

do) _ LvAvl+DvIS"Ny (do (83)
dQ/q = Ls As 1+ Dg If" Ns \dQ /-
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The elastic incoherent scattering of vanadium is given by
do Oinc,V __oMy
— = —_T . 84
(dQ)V ar © (84)

Using the monotonic Laue scattering of a statistically uncorrelated atomic arrange-
ment of the elements A and B as a reference and subtracting the elastic incoherent

scattering, the elastic diffuse scattering in Laue units is

do coh . 1 Lv Av 1+ Dy Igor e 2Mv Ny Oine,V
dQ/s  cacs|ba—bp|? |Ls As 1+ Dg I{™ e~2Ms Ny 4m

— CACinc,A + CBOinc,B (85)

consisting of short-range order scattering and displacement scattering. For the total
error, the counting statistics have to be considered. Thus, large incoherent elastic
scattering results in large error bars. Since the incoherent elastic scattering was
strongly reduced using the Ni-58 isotope (see Table 2), the errors decreased consid-

erably.
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4 Results

Aspects such as the optimization of the scattering contrast, a previously proposed
correction procedure for aggy [Port02] and the transmission factor measured at el-
evated temperatures are introduced first. These aspects are considered in the data
correction and the calibration for the small-angle neutron scattering data of **Ni-
8.3 at.% Au and the diffuse neutron scattering data of *Ni-8.4 at.% Au. The local
atomic arrangement of ®Ni-8.4 at.% Au is subsequently characterized by a config-
urational analysis of model crystals, and effective pair interaction parameters are

determined.

4.1 Optimization of scattering contrast

The elastic neutron scattering cross-section of natural nickel in the region between
the fundamental reflections is dominated by the elastic incoherent scattering. In
order to increase the elastic coherent scattering and to decrease the elastic incoherent
scattering of nickel, the Ni-58 isotope was used in the sample preparation instead of

natural Ni.

In Fig. 13 the elastic diffuse neutron scattering of two Ni-rich Ni-Au single crys-
tals measured at 1083 K is shown. Both single crystals had comparable composition,
but different isotopic contents. Large differences are observed in the diffuse scat-
tering as the incoherent elastic scattering of natural Ni and 58Nji differ largely. For

Table 2: Elastic coherent and incoherent scattering cross-sections and the absorption
cross-section for "*Ni-10 at.% Au and ¥Ni-8.4 at.% Au calculated for a wavelength
of 2.361 A.

Composition Ocoh Cine Oabs
[barn] [barn] [barn]

natNi-10.0(4) at.% Au  0.081(6)  4.723(422) 18.4(25)
58Ni-8.4(4) at.% Au  0.441(32) 0.036(6)  16.4(23)

Expressions in appendix D.
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Fig. 13: Coherent and incoherent elastic diffuse scattering (in Laue units) measured
at 1083 K of two Ni-rich Ni-Au single crystals that have similar composition, but
different isotopic contents.

58Ni-8.4 at.% Au it is only 10% of the elastic diffuse scattering and consequently, the
modulations due to short-range order scattering and displacement scattering can be
unambiguously identified. From the isotopic replacement, the coherent scattering
contrast benefits as well (not visible in a Laue unit representation of the short-range
order scattering). It increases by about a factor of 6.4 (see Table 2). Without
isotopic replacement, the elastic coherent scattering contributions of Ni-rich Ni-Au
alloys cannot be determined, as the elastic incoherent scattering dominates (98% of
the elastic diffuse scattering).

4.2 Earlier evaluation

The calibrated elastic diffuse scattering from %¥Ni-8.4 at.% Au determined in an ear-
lier evaluation [Port02] is shown in Fig. 14. A maximum in diffuse scattering is
found at 000. No sign of a static concentration wave along (100) is noticeable
between the fundamental reflections, in contrast to predictions by Wolverton and

coworkers [Wolv97] for Ni-25at.% Au. From the calibrated scattering intensities,

Ty

short-range order parameters oy, and atomic displacements 7}, d;,, and €.,

lmn
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Fig. 14: The as-measured and recalculated elastic diffuse scattering (in 0.1 Laue
units, no correction for aggo) from **Ni-8.4 at.% Au at hyho0 positions.

were determined using the least-squares fitting procedure given by Williams [Will72]
(see appendix E). The quality of each fit was judged from its weighted R value and
x2. To stabilize the least-squares fitting, the scattering intensity at 000 was set equal
to that at 0.1300. Finally, a set of 13 parameters am, (see Table 5), 33 v;.,,, and 9

e

z el were used. The recalculated elastic diffuse scattering (see Fig. 14) repro-

duces the experimental data within £0.2 L. u., well within the standard deviation of
0.3 L. u. solely due to counting statistics.

As expected, in this first evaluation, a value of 0.59(4) was found for agqo, much
smaller than the theoretical value of one. Based on a procedure developed for
correcting the short-range order parameters of Fe-21.9 at.% Al (where the same
problem with agg was encountered), a multiplicative factor and an additive term
were determined, each correcting for half of the deviation of agy from one. The

same correction procedure was applied for Ni-Au and resulted in a multiplicative
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factor of 1.2 and an additive term of 0.2 Laue units [Port02]. In the least-squares
fitting a set of 17 aymn, 18 &, and 8 6%, /e>  was determined. The value of agoo
was 0.97(4). This first correction procedure is referred to as earlier evaluation.

4.3 Transmission factors

The transmission factor of 58Ni-8.4 at.% Au depends significantly on temperature
(see Fig. 15). Similar results are obtained for *Ni-9.6 at.% Ti and Fe-21.9 at.%
Al For %Ni-8.4 at.% Au and %8Ni-9.6 at.% Ti a decrease of 22(4)% was observed,
for Fe-21.9 at.% Al a decrease of 15(3)%. These results indicate, that the linear
absorption coefficient increases with increasing temperature, since the thermal dif-
fuse scattering cross-section increases. The thermal diffuse scattering cross-section
orps was therefore calculated using eq. (58). Subsequently calculated transmission
factors for *®Ni-8.4 at.% Au and 58Ni-9.6 at.% Ti (scaled to the experimental val-
ues at room temperature) are in good agreement with the measured transmission
factors (see Fig. 15). These findings show that the thermal diffuse scattering has to

0.8 : , : .
® Fe-21.9 at.% Al
0.7 . - §
3 C -
E 20 @
« 06 4
9 58 . )
@ B Ni-9.6 at.% Ti
E 05} = .
§ ~
H
o4+ = i
58 .
Ni-8.4 at.% Au \
0.3 1 1 ] |
0 300 600 900 1200 1500

Temperature / K

Fig. 15: Transmission factors of Fe-21.9 at.% Al, %8Ni-8.4 at.% Au and *®*Ni-9.6 at.%
Ti. The solid lines are recalculated transmission factors (scaled to the experimental
value at room temperature) according to eq. (68) and (75).
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Fig. 16: Transmitted intensity of a ®*Ni-8.4 at.% Au single crystal within a rotation
angle range of 180° at (o) room temperature and (e) 1083 K.

be taken into consideration explicitly in the data correction and the calibration of
diffuse neutron scattering data.

When rotating the ®Ni-8.4 at.% Au sample, a large number of small dips in
the transmitted intensity (width ~2°) were observed (see Fig. 16), attributed to the
excitation of fundamental reflections. The presence of the dips indicates that in prin-
ciple, the transmission factor has to be measured at each position where the diffuse
scattering is measured. The variation in the intensity of the transmitted neutrons

between the dips with temperature shows that the variation in the transmission
factors is large.

Estimate of the effect on ogg. For the cylindrically shaped Ni-Au, Ni-Ti
and Fe-Al samples, the linear absorption coefficient y and the transmission factor
A(f = 0) were calculated at 0 K and at sample temperature, using eq. (68) and (75).
The ratio of these transmission factors is given in Table 3. The Debye temperatures
of Fe-21.9 at.% Al, %Ni-8.4 at.% Au, %®Ni-9.6 at.% Ti and *®Ni-5.8 at.% Ti were
calculated according to Leibfried [Leib55] on the basis of elastic constants and are all
between 300 to 400 K. At elevated temperatures, the ratio of the transmission factors
is 0.7(1) for the Ni-Au and Ni-Ti alloys, smaller than for Fe-Al owing to the larger
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Table 3: The calculated total thermal diffuse scattering cross-section orpg and the
ratio of the transmission factors of Ni-Ti, Ni-Au, Fe-Al and V at 0 K and sample
temperature 7.

T 6p A OTDS diameter ratio
K] [K] [A] [barn] [mm]

Alloys
®Ni-5.8 at.% Ti 293 451.0 2.361 1.39(2) 9.0 0.910(2)
%8Ni-9.6 at.% Ti 1103 381.9 2.361 5.39(8) 9.0 0.704(7)
8Ni-8.4 at.% Au 293 341.7 2.361 1.38(3) 8.0 0.920(2)
1083 2.361 6.64(12) 8.0 0.690(10)
Fe-21.9 at.% Al 293 324.4 2361 0.82(1) 10.0 0.949(1)
878 2.361 3.08(5) 10.0 0.821(4)
966 2.361 3.43(5) 10.0 0.803(4)
1073 2.361 3.85(6) 10.0 0.782(5)
Pure metal
Y% 293 380.0 2.361 0.323(4) 8.0 0.9841(3)

scattering cross-sections ocon and oine. For Ni-Au, the elastic coherent scattering
and agqo are expected to increase by at least 30% as the influence of thermal diffuse

scattering for vanadium measured at room temperature is negligible.

4.4 Small-angle neutron scattering

The small-angle scattering of the as-quenched **Ni-8.3 at.% Au polycrystal was
first measured at room temperature and then at 1173 K to check the quality of
the quenching. For both data sets the data correction and the calibration were
performed considering explicitly the thermal diffuse scattering calculated according
to Kothari and Singwi [Koth59]. Since the average grain size was smaller than
the sample size and the scattering pattern corresponds to an average of scattering
patterns over many grain orientations, isotropic scattering patterns were observed
and the calibrated scattering data were azimuthally averaged. Within the solid
solution, no stable long-range density fluctuation is present, and a flat scattering
pattern is expected in the scattering vector range 0.05 to 0.14 r.l. u., of the same
order at 293 K (as-quenched) and at 1173 K. For small-angle scattering measured
within the miscibility gap, a significant increase in scattering intensity near the

incoming beam is expected owing to Au-rich precipitates within a Ni-rich matrix.
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Fig. 17: The azimuthally-averaged small-angle scattering of a ®®Ni-8.3 at.% Au
polycrystal registered at 293 (as-quenched), 953, 973, 1053 and 1173 K.

The scattering curves measured at 293 K (as-quenched state) and at 1173 K
differ by a large constant scattering contribution of 16.4(4) L.u. in the scattering
vector range 0.05 to 0.14 r.1.u. (see Fig. 17). Near the incident beam direction, the
scattering intensities increase for the as-quenched state, indicating that decomposi-
tion in the scattering vector range 0.05 to 0.14 r.l.u. was not entirely suppressed
by the quench. An increase in small-angle scattering intensities was observed at el-
evated temperatures (probably due to small-angle scattering on Au decorated grain
boundaries). At 953 K, 20 K below the phase boundary of the miscibility gap, an
additional increase in small-angle scattering intensity was measured (after 600 s),
indicating that Au-rich precipitates within the Ni-rich matrix are present.

Small-angle scattering patterns measured between 953 K and 1173 K revealed
a systematic increase in intensity with increasing temperature. This large increase
is rather unexpected, but was also observed (to a smaller extent) for the ®Ni-60
at.% Au polycrystals. Since in cooling curves for both alloys the scattering intensity
(within 0.05 to 0.14 r.1.u.) depends approximately linear on temperature, thermal

diffuse scattering was used to explain this increase in the scattering intensity.
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Table 4: Summary of the calculated thermal diffuse scattering [eq. (58)], the
azimuthally-averaged small-angle scattering (average value over 57 scattering in-
tensities within 0.04 to 0.14 r.1. u.) and the difference of these two scattering contri-
butions for %8Ni-8.3 at.% Au. The error bar corresponds to the standard deviation.

T (a%)TDS (S—S)SANS (g_a)dlf
K] [L.w] |[L-u]  [L.u]
1173 17.1(4) |22.6(3)  5.5(5)
1143 16.7(4) | 224(3)  5.7(5)
1113 16.2(4) | 21.8(3)  5.6(5)
1083 15.7(4) |22.0(3)  6.3(5)
1053 15.2(4) |21.2(3)  6.0(5)
1023 14.7(4) |20.0(3)  5.3(5)
993 14.2(4) |19.3(3)  5.1(5)
973 13.9(4) |18.9(3)  5.0(5)
953 13.6(4) |18.5(3)  4.9(5)
203 3.1(3) | 62(2) 3.1(4)

Thermal diffuse scattering. One argument why at small scattering angles no
thermal diffuse scattering is observed, is that the coherent one-phonon scattering
depends on the square of the scattering vector @ and is thus negligibly small. This
argument is correct as long as only normal processes are considered. Inelastically
scattered neutrons (mainly due to phonon absorption) registered within an energy
window covering energy transfers between 0 and 60 meV, for example, can be at-
tributed to scattering vectors up to about 2 reciprocal lattice units (r.l.u.). Since in
this case large scattering vectors ) are provided, one-phonon scattering as described
by Umklapp processes [Kitt76] is present.

Using eq. (58), the thermal diffuse scattering was estimated for vanadium and
8Ni-8.3 at.% Au [Koth59]. For vanadium at room temperature orps is 0.3(2) barn
and the transmission factor A is 0.77(1) (at A = 8 A); at 1173 K, orps is 1.97(12)
barn and A = 0.74(1). For a (standard) calibration with vanadium at room tempera-
ture, orps is much less than oy, and oaps (see Table 11) and is of no significance. For
%¥Ni-8.3 at.% Au, however, the thermal diffuse scattering at elevated temperatures

is important in the calculation of the transmission factor.

Between room temperature and 1173 K, the calculated thermal diffuse scattering
contribution increases by about 14 L.u. (see Table 4). The difference between the

as-measured and calculated scattering contributions is attributed to elastic diffuse
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scattering (do/dQ)%f, having a maximal value of 6.3(3) L.u. at 1083 K. If the
as-quenched state corresponded exactly to the solid solution at 1173 K, the elastic
diffuse scattering would be the same for both cases. This is not observed, as only a
value of 3.1(2) L. u. instead of 5.5(3) L. u. was determined for the as-quenched state.
Whether this is a consequence of insufficient quenching or an incomplete description

of the thermal diffuse scattering contribution needs further investigation.

4.5 Diffuse neutron scattering

4.5.1 Measurements at two wavelengths

The calibrated elastic diffuse neutron scattering measured with two energies E; is
shown in Fig. 18. Both data sets show a smooth overlap and are treated as one data
set. Taking the thermal diffuse scattering into consideration in the data correction

and the calibration led to a nearly perfect overlap.
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Fig. 18: Elastic diffuse scattering (in Laue units) of ®Ni-8.4 at.% Au measured at
1083 K using an incident neutron energy E; of 4.76(15) meV (o) and 14.68(50) meV

().
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4.5.2 Short-range order scattering

If one considers the correct value of the linear absorption coefficient (with respect to
uncorrected data), the value of D changes from 0.0109 to 0.155 and the transmission
factor A(f = 0) from 0.39 to 0.27. A set of 19 qymn, 23 ¥, and 10 6% /€%  was
determined using the least-squares fitting [Will72]. For agg a value of 0.99(4) was
found (see Table 5). The short-range order parameters are in close agreement with
those determined in the earlier evaluation [Port02], the sequence in signs is identical.
The maximal scattering intensity extrapolated versus the incoming beam is 5.0(3)
L.u., slightly underestimating the value of '6.3(3) determined in the small-angle

neutron scattering experiment.

The dominant Fourier coefficient aq19 is positive as expected for a decomposing
alloy. The subsequent oy, are mostly positive. They approach zero smoothly and
rapidly. The recalculated short-range order scattering patterns (see Fig. 19) are very

020 Earlier evaluation 2920

j%// I \

8\

\

4?\\ N //zj/

000 This work

Fig. 19: Short-range order scattering Isgo (in 0.1 Laue units) of **Ni-8.4 at.% Au
(based on corrected scattering intensities) at hiho0 positions.
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Table 5: Warren-Cowley short-range order parameters oy, of *Ni-8.4 at.% Au at
1083 K: uncorrected, this work and earlier evaluation [Port02]. The numbers in
parentheses are the standard deviations due to counting statistics.

Cimn
Imn uncorrected this work earlier evaluation

000 0.594(29)  0.992(42)  0.970(41)

(
110 0.133(11)  0.197(14)  0.174(10)
200  0.084(10)  0.122(16)  0.099(13)
211 0.015(6) 0.016(8)  0.034(6)
220 0.008(4) 0.001(6)  0.013(4)
310 0.021(4) 0.017(5)  0.023(4)
222 -0.007(4)  -0.012(6) —0.008(5)
321 0.000(2)  —0.003(3) —0.001(2)
400  0.013(4) 0.017(6)  0.020(6)
330 -0.001(3)  -0.002(4) —0.003(4)
411 0.009(2) 0.012(3)  0.017(3)
420 0.006(2) 0.005(3)  0.011(3)
9233 -0.004(2)  -0.007(3) —-0.011(3)
422 ~0.000(3)  —0.003(3)
431 ~0.003(2)  -0.003(2)
510 0.010(3)  0.016(3)
521 0.004(2)
R 0516 0.131 0.132
¥ 115 13.7 0.333

similar, but are different concerning the absolute height in the region between the
maxima. Both short-range order scattering patterns do not show maxima in the
region between the fundamental reflections, in contrast to predictions of Wolverton
and coworkers [Wolv97] or Wu and Cohen [Wu83].

4.5.3 Linear displacement scattering

The linear displacement parameters +{, . are summarized in Table 6 and agree with
those determined in the earlier evaluation within the statistical error bar. In the
linear displacement scattering (see Fig. 20), large modulations due to the large
atomic size mismatch of 15% between Ni and Au are observed. For both methods,
the scattering patterns look alike, but they differ in the values of the minima (by

about 0.4 L.u.). The linear displacement scattering is antisymmetric around the
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Table 6: Linear displacement parameters v&, = of ®Ni-8.4 at.% Au at 1083 K. The
numbers in parentheses are the standard deviations due to counting statistics.

this work earlier evaluation

lmn Yimn Vimn
110 0.198(6)  0.182(10)
200 -0.070(14) -0.081(11)
211  -0.022(6) -0.021(6)
121 -0.020(4) -0.011(3)
220 -0.009(5) —0.012(5)
310 -0.019(5) -0.022(6)
130 -0.029(5) —0.017(5)
222 -0.011(4)  —0.008(4)
321 0.003(4)  0.001(4)
231 -0.015(4) —0.005(4)
123 -0.008(3)  -0.002(3)
400 -0.001(8) —0.010(10)
330 0.001(4)  0.003(4)
411 0.004(4) —0.003(5)
141 -0.002(2)  0.000(3)
420 0.005(3) —0.006(4)
240 -0.004(4)  0.001(4)
233 0.008(4)  0.010(4)
422 -0.007(3)

242 0.001(3)

431 -0.006(2)

341 0.007(3)

134 -0.010(2)

fundamental reflections with a large negative contribution at the side of smaller
|h| values. Such an intensity distribution is expected if the atom with the smaller
coherent scattering length (Au) has the larger atomic size.

4.5.4 Quadratic displacement scattering

The sequence of signs for the quadratic displacement parameters 6%, and €% de-
termined in this work and the earlier evaluation is identical, the values agree within
the error bars (see Table 7). The recalculated quadratic displacement scattering
(see Fig. 21) is strongly modulated. In both scattering patterns the maxima in the

quadratic displacement scattering are located close to the fundamental reflections,
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Fig. 20: Linear displacement scattering Isg (in 0.1 L.u.) of **Ni-8.4 at.% Au at
h1h20 positions.

020 Earlier evaluation 270
12 [ 20
3 28
16

—
8 20

— 4
4

—~__ 4
4) 4~

000 This work 200

Fig. 21: Quadratic displacement scattering Iy (in 0.1 Laue units) of *®Ni-8.4 at.%
Au at hyhy0 positions.
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Table 7: The quadratic (4%, and €2 ) displacement parameters of ®Ni-8.4 at.%
Au at 1083 K determined in this work and in the earlier evaluation. The numbers

in parentheses are the standard deviations due to counting statistics.

this work earlier evaluation

000  0.327(20) 0.326(21)

110 -0.037(6) —0.077(10) -0.035(5) —0.062(11)
011  0.029(9) 0.054(7)

200 -0.052(10) -0.051(11)

020 —0.023(10) -0.009(7)

211  -0.011(5) 0.016(8)  -0.022(5)

121 0.011(4)  -0.002(7) 0.004(3)

but the position of the (local) maxima are slightly shifted in radial direction. As
the minima in the linear displacement scattering and the maxima in the quadratic
displacement scattering are nearly at identical positions, the average magnitude of

the total displacement is the same for both methods.

4.6 Configurational analysis

Based on the short-range order parameters (see Table 5) crystals were modeled. The
oumn calculated for the modeled crystals lie within the statistical error bars of the
experimental data. The difference between a statistically uncorrelated arrangement
and a short-range decomposed model crystal is illustrated in Fig. 4 (section 2).
Small groups of minority atoms (Au) on {111} planes are typical for the short-range
decomposed state.

For a quantitative analysis, all nearest-neighbor configurations (Clapp config-
urations; for the nomenclature, see Clapp [Clap71]) were searched. Enhancement
factors and abundances were obtained by averaging over five short-range decom-
posed and five random crystals (see Table 8). Especially, two cases were considered:

(1) The possible superstructures L1, and L1 [Zhao99] are characterized by the
configurations C16, choosing the cases of minority atoms (Au) around any
majority atom (Ni) for L1, and minority atoms (Au) around any minority
atom (Au) for Lly. As Ni-8.4at.% Au will not yield stoichiometric ordered
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structures, minority atoms must be replaced by majority atoms. This gives
the sequences C16 — C7 — C3, C4. As in the evaluation, all the characteristic
configurations of L1, have enhancement factors around 1 or less than 1, L1,
is no plausible superstructure. On the other hand, enhancement factors larger
than one are found for the characteristic configurations of L1y. It is noted
that Zhao and Notis [Zhao99] also found L1, as a plausible superstructure of
a metastable state. The values of the enhancement factors and abundances
obtained in the earlier evaluation are in close agreement with those of this

work.

(7) For the characterization of Au agglomerates, only the configurations of minor-
ity atoms around minority atoms with abundances larger than 2% and largest
enhancement factors are summarized in Table 8. The most important config-
uration, C33, is a tetrahedron (C15) plus an adjacent atom as indicated by
the Au agglomerates on {111} planes in Fig. 4.

Table 8: Abundances and enhancement factors of 58Ni-8.4 at.% Au at 1083 K for
selected Clapp configurations (considering Au around Ni for the L1, structure, Au
around Au for the L1, structure and for decomposition) with respect to a statistically
uncorrelated arrangement.

this work earlier evaluation
Clapp Enhancement Abundance Enhancement Abundance
configuration factor in % factor in %
Au around Ni
C16 1.3 0.01 0.7 0.01
C7 0.5 0.14 0.4 0.12
C3/C4 0.5 2.42 0.4 2.25
Au around Au
C16 16.0 0.2 5.0 0.05
C7 2.8 0.9 1.9 . 0.57
C3/C4 1.0 4.9 1.1 4.71
Au around Au
C33 97.8 8.0 96.1 5.2
C31 30.3 2.2 32.2 2.6
C15 14.3 3.8 15.5 2.8
C13 14.9 8.1 9.1 5.8

C14 4.6 3.0 6.2 3.6
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4.7 Effective pair interaction parameters

From the sets of oy, of Table 5, effective pair interaction parameters V,,, were
determined by the inverse Monte Carlo method [Gero87]. They were deduced
from 200000 virtual exchanges of modeled short-range decomposed crystals with
32 x 32 x 32 fcc unit cells employing linear boundary conditions. The V,,, were
subsequently used in Monte Carlo simulations to recalculate the Warren-Cowley
short-range order parameters o . For both data sets (this work and the earlier
evaluation), seven V},,,, values are required as judged from the value of R, = 3, |
Qmn — Qe | /D imn | Qimn |- The values and standard deviations given in Table 9
refer to five model crystals. The Vi, values for the first two shells of neighbors are
negative as expected for a decomposing alloy system. From the standard deviation
(based on the statistical error of the qmy,), just the first four parameters V,,, are
significant. In comparison, the effective pair interaction parameters of Ni-60 at.% Au
are also given in Table 9. They were determined from a set of calculated short-range
order parameters Qqy,, kindly provided by C. Wolverton. Only the nearest-neighbor
parameter is significantly different, the next three parameters are similar to those

obtained in this work.

No local minimum in V(k) = Y, Vimne£%mn is seen at the 100 position. Its
presence would corroborate the metastable L1y structure found in [Zhao99], follow-
ing the reasoning of Reinhard and Turchi [Rein94]. These authors interpreted a

local minimum in V (k) of TiV as an indicator for transient ordering in the low-

Table 9: Effective pair interaction parameters Vj,,, of Ni-8.4 at.% Au as obtained by
the inverse Monte Carlo method using the oy, of Table 5. For comparison, effective
pair interaction parameters of Ni-60 at.% Au were calculated using the short-range
order parameters of Wolverton and coworkers [Wolv98].

Ni-8.4 at.% Au Ni-60 at.% Au
Imn  this work earlier evaluation | Imn Ref. [Wolv98]
110 -48.7(97) -37.9(60) 110 8.6
200 —46.2(163) ~19 4(79) 200 -32.9
211 19.3(94) 4.7(33) 211 5.1
220 18 4(161) 8.0(47) 220 123
310 3.6(36) 0.2(32) 310 3.3
222 6. 4(6 ) 3.2(31) 222 2.1
321  -3.5(42) 1.4(24) 321 0.2
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temperature region. Thus, no transient ordered state is indicated for °®Ni-8.4 at.%

Au on the basis of a local minimum in V (k).

4.8 Diffuse neutron scattering of a more concen-
trated Ni-Au alloy

The calibrated elastic diffuse scattering from 58Ni-60 at.% Au is shown in Fig. 22.
A maximum in diffuse scattering is found at 000. No sign of a static concentration
wave along h00 is noticeable between the fundamental reflections as found by Wu
and Cohen [Wu83] (the presence of a local maximum at 0.4 r.1.u. from the wide-
angle scattering data alone is not considered compulsory owing to the large errors
near the incident beam). Small-angle scattering intensities measured at 1023 K
agree with the elastic diffuse scattering and show a smooth overlap with the elastic

diffuse scattering intensities.
At larger scattering vectors, a minimum in the diffuse scattering due to displace-

ment scattering is found. Compared with the diffuse scattering of Ni-rich Ni-Au, the

1.6 2.0

0.4 0.8 1.2
h/rlu.

0.0

Fig. 22: Small-angle (o) and wide-angle scattering (e) intensities I4; (in Laue units)
of %8Ni-60 at.% Au along h00. The wide-angle scattering of 33Ni-8.4 at.% Au (m) is
also shown. A dashed and a solid line serve as guide for the eyes.
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position of the minimum is slightly shifted towards the 200 reflection, maybe just re-
flecting the different weighting of the species-dependent static atomic displacements

in both alloys.



59

5 Discussion

A main result of the present study is that short-range decomposition and not short-
range order is observed for 8Ni-8.4 at.% Au above the miscibility gap. An increase
in the elastic diffuse scattering towards 000 was demonstrated by means of elas-
tic diffuse neutron scattering (see Fig. 23). In contrast to the X-ray results for
8Ni-60 at.% Au [Wu83], no clear maxima along h00 were noticed. A short-range
decomposed state above a miscibility gap is at variance with almost all diffuse X-
ray scattering studies on Ni-Au alloys at temperature [Flin53], [Wu83] or of alloys
quenched from the solid solution [Flin53]. The only exception is the conclusion in
favor of decomposition from the evaluation of the short-range order scattering by
Borie and Sparks of Ni-60 at.% Au data of Moss and Averbach (Fig. 7 in [Moss67]).

The largest discrepancy between the short-range order scattering patterns of

Ni-8.4 at.% Au
020 220

48

000 Ni-60 at.% Au 200

Fig. 23: Short-range order scattering Isgo (in 0.1 Laue units) from 58Ni-8.4 at.%
Au and from Ni-60 at.% Au [Wu83] at h;ho0 positions.
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8Ni-8.4 at.% Au and Ni-60 at.% Au [Wu83] is noted for the region around 000 (see
Fig. 23). This coincides with the extended range of 0.45r.1.u. around the funda-
mental reflections where Wu and Cohen [Wu83] found it increasingly difficult to
separate short-range order scattering from dynamic and static displacement scat-
tering (as indicated by the large R value between the recalculated and as-measured
diffuse scattering intensities). It is therefore not too surprising that the short-range
order parameters of Wu and Cohen [Wu83| strongly differ from the present result,
with aq10 = 0.04(5) and agg = 0.15(4). One might argue that the investigation
at elevated temperature by Wu and Cohen[Wu83] was performed for an alloy with
a much larger Au fraction and that diffuse scattering was never measured at suffi-
ciently small angles. To provide experimental evidence for an increase in scattering
intensity near the incident beam direction, the small-angle neutron scattering of a
8Ni-60 at.% Au polycrystal (quenched sample) and the elastic diffuse neutron scat-
tering of a Ni-60 at.% Au single crystal were measured (h00 scan) at 1023 K. The
calibrated scattering intensity along h00 (see Fig. 22) increases near the incoming
beam, a feature that has to be attributed to short-range decomposition. The small-
angle scattering and the elastic diffuse scattering smoothly merge. It is concluded
that Ni-Au solid solutions above the miscibility gap are short-range decomposed.

The present results allow especially the following points to be addressed and

commented.

(i) From electronic structure calculations [Wolv98], short-range order is expected
for a broad range of compositions. The suggested directional dependence of
the compositional modulations either along (100) (for Ni-60 at.% Au) or along
(110) (for Ni-25 at.% Au) could not be investigated as no such modulations
were observed at all. In contrast to the predictions of Wolverton and coworkers
[Wolv98], no problems arise when determining the miscibility gap from the
effective pair interaction parameters using Monte Carlo simulations, as there
is a positive and not a negative value for the nearest-neighbor pair interaction

parameter.

(77) Asta and Foiles [Asta96] compared Ni-Au with two other alloy systems, Ni-
Cu and Ag-Cu, that also show large miscibility gaps. Based on the energy of
formation (see section 2.3) defined by de Fontaine and Cook [deFo79], Asta
and Foiles [Asta96] used two approaches in their electronic structure calcula-
tions: effective pair interaction parameters with (7) chemical and constituent
strain energy contributions (lattice relaxations owing to the different atomic

sizes of the constituents) and (i) only chemical contributions. For Ni-Cu
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with a small size misfit of 2.5%, the nearest-neighbor parameter is negative in
both cases, consistent with diffuse neutron scattering experiments on samples
quenched from above the miscibility gap [Moze68], [Vrij78], [Wagn80]. For
Ni-Au (and Ag-Cu), even a change in sign of the nearest-neighbor parameter
is found between the two approaches; a negative sign corresponding to short-
range decomposition is obtained if both chemical and constituent strain energy
contributions are considered. Thus, only case (%) is consistent with the results

presented in this work.

(74) In bulk Ni-Au samples, a transient ordering phenomenon has been noted
[Sanadze64], [Zhao99]. Sanadze and coworkers [Sanadze64] found the ordered
phases AugNi (L1;), AuNi (L1y), and AuNij (L15), using X-ray powder diffrac-
tion and resistivity measurements. For Ni-rich Ni-Au alloys aged at 800 to 1000
K, metastable L1, and L1j ordered states were found. Zhao and Notis [Zhao99]
checked the experimental results of Sanadze and coworkers [Sanadze64] for
Ni-50 at.% Au and Ni-60 at.% Au using transmission electron microscopy.
Contrary to Sanadze and coworkers [Sanadze64], they only found superlattice
reflections of the L1, superstructure in reversion experiments (long-term ag-
ing at 473 K and subsequent aging at 723 K). For Ni-8.4 at.% Au, neither the
configurational analysis nor the effective pair-interaction parameters obtained
from an inverse Monte-Carlo analysis gave hints for a metastable state with
L1, structure. Enhancement factors larger than one found for the charac-
teristic configurations of L1y, indicate a plausible metastable state with L1
structure, consistent with the results of Zhao and Notis [Zhao99]. Still, the
largest enhancement factor and abundance were found for small Au clusters
consisting of a tetrahedron and an attached fifth Au atom.

The data correction and calibration used in this work were based on a reduction in
the transmission factor at elevated temperatures observed for *®Ni-8.4 at.% Au. A
similar reduction of the transmission factor was also observed for Fe-20.6 at.% Al and
58Ni-9.6 at.% Ti. This reduction was attributed to an increase in the thermal diffuse
scattering, previously not considered in the linear absorption coefficient. Assuming
that the thermal diffuse scattering cross-section is equivalent to the incoherent and
coherent one-phonon scattering, the total thermal diffuse scattering cross-section
was calculated according to Kothari and Singwi [Koth59]. Including this cross-
section into the linear absorption coefficient and the transmission factor allowed the
temperature dependence of the experimentally determined transmission factors to

be calculated.
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Thus, the thermal diffuse scattering was considered in the linear absorption
coefficient p, the transmission factor A and the correction for multiple scattering
D. As for vanadium at room temperature a value for the transmission factor near 1
was calculated, no correction for vanadium was required. With this new procedure,
a value of aggo near 1 was found for *Ni-8.4 at.% Au and Fe-21.9 at.% Al.

The quantitative description of the local atomic arrangement of 5®Ni-8.4 at.%
Au based on a previously proposed correction for aggy developped from a diffuse
scattering experiment performed on Fe-Al and subsequently used for ¥Ni-8.4 at.%
Au [Port02] is in close agreement with the results presented in this work. In the
correction used previously, half of the deviation in aggy from 1 was corrected by an
additive term and half by a multiplicative factor. It is concluded that a correction
for agge of the elastic coherent scattering based solely on an additive term or a
multiplicative factor is not correct. The evaluation procedure used in this work
provides an explanation for the large variation in agy found in diffuse neutron
scattering by [Pier91], [Caud92] and [Boll97].

Whether the new procedure is also significant at room temperature, was also
tested calculating the ratio of the transmission factors at room temperature and 0
K. For ®Ni-8.4 at.% Au, Fe-21.9 at.% Al, %8Ni-9.6 at.% Ti and *®Ni-5.8 at.% Ti the
ratios were found to deviate at most by 8% from one. Since the correction term of
the multiple scattering, that also increases with increasing temperature, is in the
denominator of the expression used in the calibration, the corrected values of aggg
are within the experimental error of 5%. It is concluded that at room temperature,
the thermal diffuse scattering does not have to be included explicitly in the linear
absorption coefficient p and the transmission factor A as the effect is negligibly

small.

A large scattering contribution observed in the small-angle neutron scattering of
Ni-Au at elevated temperatures, changing approximately proportional to tempera-
ture, was also interpreted in terms of thermal diffuse scattering, as the additional
scattering contribution was approximately calculated as incoherent and coherent
one-phonon scattering (calculated as in Ref. [Koth59]). In the small-angle neutron
scattering of other (binary) alloy systems, thermal diffuse scattering is also present
at elevated temperatures. One example is the small-angle neutron scattering of
Ni-11.3 at.% Ti polycrystals [Komp01] measured on aging at 873 K. After initial
variations, the background scattering contribution determined from Porod plots (see
Fig. 15b in [Komp01], is Siota1/47 = 7.1(5) X 1072 cm™* sr™!. This value is just the
sum of the calculated values of the elastic coherent (1.62x 1072 cm™! sr™?), the elas-
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tic incoherent (3.01 x 10~2 cm™! sr™!) and the thermal diffuse (2.73x10 2cm™'sr™ ")
scattering, leading to a1 /47 = 7.4 X 1072 cm™! sr™!. It is therefore proposed that
in Ni-11.3 at.% Ti thermal diffuse scattering can be determined following the same

procedure as for Ni-Au.
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6 Outlook

Species-dependent static atomic displacements of a Ni-rich Ni-Au solid
solution at 1083 K. In the present work, diffuse neutron scattering was employed
to determine the local atomic arrangement in Ni-8.4 at.% Au. In contrast to previous
diffuse X-ray scattering investigations, a short-range decomposed (and not short-
range ordered) state was found in the solid solution above the miscibility gap. The
large species-dependent static atomic displacements due to the large difference in the
atomic sizes, however, remained undetermined as only a compositionally weighted
average of these displacements can be obtained from the neutron scattering of one

particular alloy.

Species-dependent static atomic displacements are a prerequisite for a complete
description of the microstructure of Ni-Au. They may then be compared with results
of other approaches like those based on molecular dynamics simulations. Presently,
the best way to get values of the species-dependent static atomic displacements is
achieved using X-rays and varying deliberately the scattering contrast by tuning
the incident wavelength close to the absorption edges of the constituents (referred
to as 3A-method). For neutrons, a variation in the scattering contrast can only be
achieved by employing two alloys of identical microstructure, but different isotopic
contents. Such a procedure has not yet been implemented for any binary alloy.
Ni-Au is especially suited for isotopic replacement as the scattering length contrast
bxi — bay not only changes its value, but even its sign (from 6.8 fm when employing
the Ni-58 isotope to -4.8 fm when employing the Ni-60 isotope). The largest problem
is that the same microstructural state must be present in both alloys.

A simple rule to correlate the presence of short-range order or short-range decom-
position in an A-B alloy with the A-B nearest neighbor distance has been suggested
by Chakraborty [Chak95]; if the A-B nearest neighbor distance is larger than the
arithmetic mean of the A-A and B-B distances, the alloy shows short-range decom-
position (short-range order). This rule is fulfilled up to now for all measurements
where the 3A-method was employed. The species-dependent static atomic displace-
ments determined are small (in the range of 1072 to 10~* lattice parameters).

No information, however, is available for alloys with a large difference in the
atomic sizes (e.g. Ni-Au). These alloys are most difficult to be characterized, as the
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product of displacements weighted with the scattering vector is assumed to be small
in the data evaluation. Additionally, the constituents of these alloys are no longer
close neighbors in the periodic table and investigations using the 3A-method are not

possible.
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A  Summary of gy values from diffuse neutron
scattering at elevated temperatures

In the following a summary of (elastic) diffuse neutron scattering experiments per-
formed at elevated temperatures is presented (see Table 10). Most of the exper-
iments were performed using a time-of-flight spectrometer and scattering intensi-
ties were determined in planes of reciprocal space. The elastic diffuse scattering
experiments performed using a triple-axis spectrometer, were measured within a
three-dimensional volume of reciprocal space. Both scattering techniques are time
consuming, the time-of-flight technique due to reduced neutron flux in consequence
of the chopping and the triple-axis technique due to the point-per-point measure-

ment.

B Monte Carlo simulations

The expectation value (A)e, of an observable A is given by

X, Afr)e MO

<A>eq Z e—H(T)/kBT ’ (86)

i.e. the weighted average of A over all possible configurations 7. Since the number of
configurations increases as N'!/(Ng!Na:) for a canonical ensemble, the sum in eq. (86)
can not be calculated explicitly. Therefore, configurations are taken into consider-
ation according to the Boltzmann distribution (importance sampling according to
Metropolis and coworkers [Metr53]). Then, the sum in eq. (86) is reduced to the

arithmetic average of values obtained for the observable A in the sampling

% S A(n). (87)

For the transition from an original configuration ¢ to a new configuration j, the

1%

(Adeq

detailed balance is expressed by
Wisje  HilksT = W, e~ HalkeT (88)

where W,_,; is the transition probability. The condition of detailed balance implies

that, at equilibrium, the average number of transitions i — j is the same as the
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average number of inverse transitions j — ¢. Only the ratio of W;_,; and W;_; is

univocally determined.

Table 10: Summary of the aggy values obtained from diffuse neutron scattering
experiments at elevated temperatures. In addition, values of the linear absorption
coefficients fi., (thermal diffuse scattering not included) and g found in literature

are shown.
Authors alloy T oo feal it technique
K] [cm™'] [em™Y]
[Boll97] Pt-33 at.% V 1488 0.62 1.14 1.12 TOF*
Pt-20 at.% V 1032 094 1.14 1.10 TOF*
1219 091 1.13 1.09
1419 0.99 1.13 1.09
Pt-11 at.% V 1224 0.85 1.09 1.08 TOF*
Ni-11 at.% V 774 0.77 1.06 1.26 TOEF**
[Caud92] Pd-25 at.% V 1103 0.96 0.76 0.35 TOF*
Ni-25 at.% V 1373 0.93 1.18 1.23 TOF**
Ni-33 at.% V 1228 0.44 1.40 1.26 TOF**
1248 0.45 1.40 1.26
1343 0.45 1.40 1.26
1413 0.47 1.39 1.26
Ni-25 at.% Cr 833 0.75 0.96 0.90 TOF*
993 0.20 0.95 0.90
Ni-33 at.% Cr 923 0.87 0.93 0.86 TOF**
1083 0.72 0.93 0.86
[Pier91] Fe-19.5 at.% Al 973 1.49 TOF
1073 1.20 TOF
1173 1.38 TOF
1273 1.12 TOF
1373 1.04 TOF
1473 1.01 TOF
1573 1.03 TOF
[Buch99a] Fe-21.9 at.% Al 878 0.79 TAS
966 0.69 TAS
1073 0.48 TAS
[Buch99b] *¥Ni-5.8 at.% Ti 293 0.97 TAS
%¥Ni-9.6 at.% Ti 1103 0.60 TAS
[Port02] %8Ni-8.35 at.% Au 1083 0.59 TAS

*Lattice parameters found in [Vill97].
**Lattice parameters found in [Pear58|.

TAS = triple-axis spectrometer, TOF = time-of-flight
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In this work, W;_,; is expressed by
o~ AHio; [ksT

VVZ‘—>j = 1+ e—AHi—u‘/kBT (89)

where AH, ,; = H; — H; is the energy difference of the configurations. Although
one could determine (A)., after each sucessfull exchange of two atoms, averaging
over a set of exchanges in the model crystal reduces correlation effects that could
occur for subsequent exchanges.

Using Monte-Carlo simulations any state in thermal equilibrium can be described

assuming:

(i) The ordering energy and the effective pair interaction parameters are tempera-
ture independent. If the character of the pair interaction parameters changes
(e.g., at the onset of ferromagnetism below the Curie temperature), the order-

ing energy also changes.

(ii) As the character of the pair interactions changes as the number of valence
electrons changes the effective pair interaction parameters are composition
dependent. The variations are small, if binary alloys with not too different

compositions are compared (see, e.g., Cu-Au [Scho99bl).

C Inverse Monte Carlo method

Whereas in Monte Carlo simulations (see appendix B) the g, are calculated for a
given set of effective pair interaction parameters, the inverse Monte Carlo method
introduced by Gerold and Kern [Gero87] allows the effective pair interaction param-
eter to be determined for a given set of ag,. Provided that the a4, represent a state
in thermal equilibrium, these a4, correspond to the thermal average Ay = (A)eq
given by (86). Under these conditions, the weighted average over the deviations
AAy_; due to thermal fluctuations ¢ from the thermal average has to be zero

> WonidAgLi 20. (90)

Similar to the Monte Carlo simulation, the transition probabilities Wy_,; are given

by the condition of the detailed balance in eq. (88) and are set to

e~ AHoi/ksT

WO-;i = 1 T e—AHo—n/kBT'

(91)
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The corresponding energy change is

AHy,i=2Y ANEEV, (92)
dr

using the ordering energy defined in eq. (59) and the short-range order parameters
defined in eq. (5). The variable AN]) = Ng'® — NPP is the change in the number
of BB pairs at a distance dr, when a virtual exchange is considered.

Inserting ANE] as observable AAg_,; in eq. (90), one obtains nonlinear equations

e 2Tar ANBB vV, /ksT

2,dr.

BB _
Z ANia 1+ ¢ 2Xar ANJG, Var /ksT =0 (93)

i,dr.

for each neighboring shell dr. The effective pair interaction parameters Vg, represent

the numerical solution of the corresponding system of coupled equations.

D Coherent and incoherent scattering cross-sections
of pure metalls and binary alloys

In Table 11, the scattering lengths of the atoms used in this work are summarized.
Vanadium and nickel show large incoherent scattering cross-sections. While the
incoherent scattering of vanadium is due to the nuclear spin of the 'V isotope, the

incoherent scattering of nickel is mainly due to the isotopic contents.

The elastic coherent scattering cross-section of a binary alloy A-B is given by
Ocoh = 47FCACBibA — bB|2 (94)

where ¢; is the concentration and b; the coherent neutron scattering length of the

component i. The elastic incoherent scattering cross-section is expressed by
Oinc = CAOinc,A + CBOinc,B . (95)
where oy ; is the incoherent scattering cross-section of the component ¢. The ab-

sorption scattering cross-section is given by

A

1.798A (%6)

Oabs = [CAUabs,A + CBUabs,B]

where 0,15, is the absorption scattering cross-section of the component 4.
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Table 11: Values of beon, binc and oaps as well as the atomic number Z, the mass
number A, the nuclear spin I and relative abundance c of the nuclides in the natural
occurring elements V, Ni and Au taken from [Sear92].

*

Flement 7 A ] c beon Tine T abs
[%] [10715m)] [1072!m] [107%m]

\% 23 -0.3824(12)  5.08(6)  5.08(4)
50 6 025 7.6(6) 0.5(5) E  60.0(400)
51 7/2 99.75 -0.402(2) 5.07(6)  4.9(1)

Ni 28 10.3(1) 13.3(3) 4.49(16)
58 0 6827 14.4(1) 0 4.6(3)
60 0 2610 2.8(1) 0 2.9(16)
61 3/2 113 7.60(6) 1.9(3) 2.5(8)
62 0 359 -8.7(2) 0 14.5(3)
64 0 091 —-0.37(7) 0 1.52(3)
Au 79 3/2 7.63(6) 0.43(5)  98.65(9)

*For \ = 1.798A.
E: Estimated values for isotopes with low abundance.

E Least-squares fitting method

According to Williams [Will72] the p-dimensional linear equation system to solve is

given by
q
1=1

where I; is a p-dimensional vector that contains the corrected scattering intensities
of each position weighted with the square-root of the statistical error bar wpg. Aj; is
a p x g coefficient matrix and X is the g-dimensional solution vector that contains
a set of short-range order parameters q,,, linear displacement parameters v, and

the quadratic displacement parameters 67 = and €.? . Therefore X and I are given

Imn imn*
by

(a()()(), ...,O[lmn,’}’flo, ...,’Yﬁm/n/,égoo, ...,(5lmnm//nu,€fij0, "'76$gm”’n”') (98)
= (wéégld,f(OOO), ,'ll)lll{jldlf(hk)l)) (99)

I~ [
|
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By minimizing
p g
> |1 =) AyX]| = minimal, (100)
i=1 j=1
an estimate of the form
-1
X =Y (a4 x (101)
can be found, where éT is the transposed matrix of A. The value of x? is

o (Ii - Ain‘-’)Q
== = (102)
P—q

and therefore the standard deviation AX? of each parameter is given by

AX? = /x> (474) . (103)

The quality of each fit with a variable number of parameters is given by x?, and the

weighted R value is expressed by

P (I — S A X9)2
R:\/Zz_l( - ]}; J j) . (104)

i=1"1
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