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Abstract
Neutron diffraction in combination with isotopic substitution on the zero-scatterer 62Ni4363Cu57
shows indications for chemical short-range order in the stable liquid as evidenced by
oscillations in the concentration–concentration structure factor SCC(q). This points towards a
non-ideal solution behavior of Ni–Cu contrary to common believe but in agreement with
measurements of free enthalpy of mixing. The temperature dependence of SCC at small
momentum transfer provides evidence of critical compositional fluctuations in Ni43Cu57 melts.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Critical behavior in liquids has been studied for a large num-
ber of systems so far: amongst those are water [1, 2], molecu-
lar liquids [3], oxide melts [4], and metallic melts [5–8]. In
general critical phenomena recently received renewed interest.
Two kinds of phase separation can hereby be distinguished:
physical phase separation and chemical phase separation. The
former is typically associated with a change in density like
recently reported for example for Y2O3–Al2O3 liquids [4],
phosphorous [9] or amorphous ice [10, 11], whereby the sys-
tem remains chemically homogeneous but separates into a
denser and a less dense phase. Chemical phase separation on
the other hand is associated with separation into two chem-
ically different phases. For the metallic liquid Cu–Co, which
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shows a rich phase diagram it has been shown that Cu and Co
demix if the liquid is supercooled below its metastable binodal
line [5, 6]. In contrast Ni–Cu, with Ni being the neighboring
element to Cu in the periodic table, shows a comparatively
simple phase diagram of a solid solution. Taken its lens-shaped
two phase regime between liquidus and solidus line, the Ni–Cu
system on first sightmight be considered as a typical represent-
ative of a next to ideal solution. Studies at lower temperatures
in the solid, however, are indicative of clustering in the alloy
[12, 13].Moreover, thermodynamic assessments predict amis-
cibility gap to occur deep in the solid [14–16]. There remains
controversy about the critical temperature of the miscibility
gap. A direct experimental investigation of this miscibility gap
using classical methods is impossible due to the very low dif-
fusivities in solid state at the relevant temperatures, resulting
to required time frames beyond feasibility. Most observations
and thermodynamic assessments suggest that the critical tem-
perature is located around 600 K [13]. Moreover, the critical
point is shifted to the more Ni-rich side of the phase diagram.

Clustering in solid state that was reported to occur in
solid Ni–Cu alloys means that the different types of atoms
are not randomly distributed on the crystal lattice but show
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compositional fluctuations. Liquids are characterized by an
absence of a long-range topological order such that there
exists only a short-range topological order. Nevertheless, fluc-
tuations of the chemical composition or even chemical decom-
position on macroscopic length scales [5, 6] are not tied to
a long-range topological order but may also be observed for
liquid systems.

In the liquid state (including the regime of undercooled
melts) measurements of the electrical resistivity on Ni–Cu
alloys show a non-linear temperature dependence for the Cu-
rich alloys Ni40Cu60 and Ni20Cu80, while for Ni-rich alloys
the usual linear temperature dependence is observed [17]. The
deviation from linearity might indicate a demixing behavior
that increases with increasing undercooling of the liquids. The
local density fluctuations associated with the demixing may
give rise to scattering of the conduction electrons resulting
to an increase of the electrical resistivity [18, 19]. Also the
positive enthalpy of mixing [20], points towards a demixing
nature of this system. However, the enthalpy of mixing for
Ni–Cu is only slightly positive compared with the enthalpy of
mixing of Cu–Co. Hence, the demixing behavior of Ni–Cu is
expected to be not as clearly pronounced as for the Cu–Co sys-
tem and therefore might have been unaccounted for in previ-
ous investigations which were also not specifically tailored to
this task.

Interestingly the generic behavior of phase separation has
recently been studied by means of molecular dynamics sim-
ulations on binary symmetric Lennard–Jones mixtures of A
and B atoms [21, 22]. Here the interaction potentials are
given by

Vαβ (r) = 4εαβ

{(σαβ

r

)12
− γ

(σαβ

r

)6
}
, (1)

where r denotes the distance between the atoms of type
α and β, and εαβ , σαβ and γ are parameters. In [21, 22]
σAB = σAA = σBB = σ and εAA = εBB = ε was chosen. For
γ ⩾ 1, which corresponds to attractive interactions, a demixing
behavior has been found upon cooling, if the interaction para-
meters εαβ of the unlike atomic pairs are smaller than those of
the like atomic pairs (εAB < ε = εAA = εBB), or in other words
if the potential minima are deeper for like atomic pairs than
for unlike pairs. For a real system, depending on the shape of
the real interaction potentials, the critical point might not be
exactly at the 50:50 composition and the spinodal line might
be slightly skewed. Nonetheless this generic behavior should
occur also in real liquids.

It is important to note that a critical behavior and therefore a
corresponding rise in the concentration–concentration partial
structure factor SCC(q) will not be restricted to the critical point
only [8]. The critical behavior as determined for instance by a
critical rise in this structure factor will extend sufficiently far
into phase-space. Therefore critical fluctuations will be visible
already well above the critical point. This shall be visible by a
rise in SCC(q) at low-q values. Hence, a study of liquid Ni–Cu
is expected to reveal critical fluctuations already at the melting
temperature.

Table 1. Scattering lengths b of the isotopes used to prepare the
alloys.

natCu 63Cu natNi 58Ni 60Ni 62Ni

b (fm) 7.718 6.43 10.3 14.4 2.8 −8,7

2. Experimental

In order to study the short-range order of liquid Ni–Cu
alloys, neutron diffraction experiments were performed on the
D20 diffractometer at the Institute Laue-Langevin, Grenoble,
France. An electromagnetic levitation (EML) device was used
as sample environment. The EML was already described
previously [23]. Here, we only highlight that by using this
sample environment not only supercooling of a liquid below its
liquidus temperature due to the absence of container walls is
possible, but also the signal-to-background ratio in scattering
experiments is excellent. Considering the high melting point
and chemical reactivity Ni–Cu cannot be processed in a vana-
dium container otherwise used for neutron diffraction exper-
iments. D20 was chosen since due to its high-flux it proved
in the past ideal for measuring partial structure factors of
isotopically-substituted small spherical-shaped samples with
excellent statistics within a short period of time [24–27].

The experiments discussed here were performed on
6–8 mm diameter spheres of Ni42.7Cu57.3. A total of four
samples with different isotope mixtures were investigated.
This particular sample composition was chosen to enable, by
mixing of the pure 62Ni with the pure 63Cu isotope, the syn-
thesis of a so-called zero-scattering alloy. For such an alloy
the mean value of the scattering length is zero: b= cAbA+
cBbB = 0, where cA and cB are the compositions of the alloy
components A and B and bB and bB their coherent scatter-
ing lengths. This is the case due to the negative scattering
length of 62Ni and the positive scattering length of 63Cu (see
table 1). As discussed below, the advantage of a zero scattering
alloy is that in Bathia–Thornton notation [19] the contribution
of the number–number SNN(q) and the number-concentration
SNC(q) structure factors to the total structure factor S(q) van-
ish and SCC(q) can be directly measured [8, 28, 29]. Moreover,
scattering experiments were performed on mixtures of natNi,
60Ni, and 58Ni with natural copper, respectively. It should also
be stressed that the Ni42.7Cu57.3 composition is close to the
Ni40Cu60 composition for which a strongly non-linear temper-
ature dependence of the electrical resistivity has been reported
[17]. For comparison also neutron diffraction measurements
on pure Cu have been performed.

3. Results and discussion

For an analysis of the short-range order in a binary A–B
melt, partial static structure factors may be calculated from
three independent total static structure factors according to
the Bhatia–Thornton [19] or the Faber–Ziman formalism [30].
Bhatia and Thornton have defined three partial static structure
factors: SNN(q) describes the topological short-range order of
the liquid, SCC(q) the chemical short-range order, and SNC(q)
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Figure 1. Total structure factors of Ni42.7Cu57.3 of different isotopic
composition at the liquidus temperature of TL= 1560 K.

the correlation of number density and chemical composition.
The relation between the total structure factors and the partial
Bhatia–Thornton structure factors is given by:

S(q)BT =
b̄2

b2
SNN +

cAcB(bA− bB)
2

b2
SCC +

2(bA− bB) b̄

b2
SNC.

(2)

cA and cB denote the concentrations of the atoms of type A and
B in the melt, bA and bB are the coherent scattering lengths of
the atoms/isotopes, b= cAbA+ cBbB and b2 = cAbA

2 + cBbB
2.

In the framework of the Faber–Ziman formalism the three
partial static structure factors SAA(q), SBB(q), and SAB(q)
describe the contributions to the total structure factor S(q) that
result from correlations between the three different types of
pairs of atoms (A–A, B–B, and A–B):

S(q)FZ =
c2AbA

2

b2
SAA+

c2BbB
2

b2
SBB+

2cAcBbAbB
b2

SAB+ 1− b̄2

b2
.

(3)

The total structure factors S(q) of 62Ni42.763Cu57.3,
58Ni42.7natCu57.3, 60Ni42.7natCu57.3 and natNi42.7natCu57.3 melts
measured at the liquidus temperature TL = 1560 K are shown
in figure 1.

Because the largest scattering contrast is obtained between
the measurements on the 62Ni42.763Cu57.3, 58Ni42.7natCu57.3 and
60Ni42.7natCu57.3 sample, this set of data has been used in
order to determine partial structure factors within the Bhatia–
Thornton [19] and the Faber–Ziman [30] formalism.

The corresponding Bhatia–Thornton structure factors after
matrix-inversion are shown in figure 2, the Faber–Ziman struc-
ture factors in figure 3. Because for a zero-scattering alloy
b= cAbA+ cBbB = 0, the prefactors of SNN and SNC in
equation (2) vanish and SCC and the total structure factor meas-
ured for the zero-scattering alloy are identical. For SCC a rise
in intensity is observed at low-q on top of a relatively large
flat background with some smaller oscillations towards lar-
ger q-values. It directly points to the demixing nature of the
system with concentration fluctuations on larger than atomic

Figure 2. Bhatia–Thornton structure factors SNN (blue symbols),
SCC (red symbols) and SNC (green symbols) of liquid Ni42.7Cu57.3 at
the liquidus temperature of TL = 1560 K determined from the three
total structure factors measured by neutron scattering on samples of
the isotopic compositions 58Ni42.7natCu57.3,

60Ni42.7natCu57.3 and
62Ni42.763Cu57.3. Under these scattering contrast conditions SCC is
directly given by the total structure factor of the zero-scattering
alloy 62Ni42.763Cu57.3. Also shown is SCC inferred from the total
structure factors measured for samples of 58Ni42.7natCu57.3,
60Ni42.7natCu57.3 and

natNi42.7natCu57.3 (gray symbols). The SNN and
SNC calculated from the latter set of data can hardly be distinguished
from the ones determined from the former set of data and they are
therefore not shown.

length scales. The comparatively weak demixing behavior is
evidenced by the small oscillations in SCC towards larger q-
values. While the rise at low-q is pronounced in the total struc-
ture factor measured for the zero-scattering alloy, it is not
immediately apparent in the total structure factors of the other
isotope compositions. Here, one has to bear in mind that the
SCC contribution to each of these total structure factors is only
weakly pronounced. In order to rule out that the rise at low
q is an artifact in the measurement on 62Ni42.763Cu57.3 result-
ing for instance from an incomplete subtraction of the back-
ground at small angles close to the primary beam, we have
calculated SCC also from the set of total structure factors given
by 58Ni42.7natCu57.3, 60Ni42.7natCu57.3 and natNi42.7natCu57.3. As
shown in figure 2, the result is in good agreement with the
structure factor of the zero-scattering alloy, confirming that
the rise of SCC to low q reflects intrinsic properties of the alloy.
The larger scatter in the data can be explained being due to the
small differences of the measured total structure factors for the
three different isotope mixtures. The SNN and SNC calculated
from the latter set of data can hardly be distinguished from the
ones determined from the former set of data and are therefore
not shown.

It is remarkable that the shapes of the measured Bhatia–
Thornton partial structure factors closely resemble those
that have previously been reported for binary Lenard–Jones
mixtures [21, 22] for the case that in the simulations the inter-
action parameters εαβ of the unlike atomic pairs are smaller
than those of the like atomic pairs. Moreover, for this case and
if the parameter λ that is a weight of the attractive term in the
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Figure 3. Faber–Ziman structure factors SNiNi (red symbols), SCuCu
(blue symbols) and SNiCu (cyan symbols) of liquid Ni42.7Cu57.3 at
the liquidus temperature of TL= 1560 K determined from the three
total structure factors measured by neutron scattering on samples of
the isotopic compositions 58Ni42.7natCu57.3,

60Ni42.7natCu57.3 and
62Ni42.763Cu57.3.

potential is not too large, the MD-simulations also reproduce
other characteristic properties of the Ni–Cu system like the
positive enthalpy of mixing and the negative excess volume
[31]. Obviously, main predictions on the dependence of the
chemical short-range order and of thermophysical properties
on the atomic interactions inferred from this simple generic
model are found in real metallic systems like Cu–Ni.

The Bhatia–Thornton partial structure factor SNN describes
the topological short-range order of the melt. In figure 4 it
is compared with the structure factor of pure liquid Cu at
T = 1360 K also measured as part of this work and with that
of pure Ni at T = 1605 K as published in [32]. All structure
factors have a similar shape and show a characteristic shoulder
on the right side of the second oscillation that is usually con-
sidered as an indication of an icosahedral topological short-
range order [32, 33].

Within the Faber–Ziman formalism the partial structure
factors SNiNi, SCuCu and SNiCu describe the contributions of the
different pairs of atoms (Ni–Ni, Cu–Cu and Ni–Cu) to the total
structure factor. Despite similarities in their shape, subtle dif-
ferences are evident in figure 3, again indicating some degree
of chemical short-range order, because in the case of a chemic-
ally fully disordered system all Faber–Ziman structure factors
and also SNN would be identical [19].

The partial pair correlation functions, gNN(r), gCC(r),
gNC(r), gNiNi(r), gNiCu(r), and gCuCu(r) are calculated by
Fourier transformation from the partial static structure factors.
These are shown in figure 5. The positions of the first max-
ima of gNN(r), gNiNi(r), gCuCu(r), and gNiCu(r) correspond
to the nearest neighbor distances for the different types of
atomic pairs. These are compiled in table 2. All mean nearest
neighbor distances determined for the Ni42.7Cu57.3 alloy are
slightly shorter as those of the pure elements, which may
provide a structural explanation of the reported negative excess
volume [31]. This shrinkage of the interatomic distances

Figure 4. Comparison of the number–number structure factor SNN
of liquid Ni42.7Cu57.3 at the liquidus temperature of TL = 1560 K
with the structure factors of pure liquid Ni [32] at T = 1605 K and
pure liquid Cu at T = 1360 K.

Figure 5. Partial pair correlation functions of liquid Ni42.7Cu57.3 at
the liquidus temperature of TL = 1560 K.

appears most pronounced for the Ni–Ni nearest neighbor
pairs. A similar preferred reduction of one type of nearest
neighbor pairs was recently reported in molecular-dynamics
simulations of liquid Al–Au alloys [34]. Table 2 also gives
the partial nearest neighbor coordination numbers, ZNN, ZNiNi,
ZNiCu and ZCuCu as well as the averaged coordination num-
ber <Z> = cNi(ZNiNi + ZCuNi)+ cCu(ZCuCu + ZNiCu), where
cNi and cCu are the concentrations of Ni and Cu in the alloy.
The partial coordination numbers are calculated by integrat-
ing the first peak of the partial radial distribution function
4πcBρNr2gAB(r) (A, B = N, Ni, Cu) between its first and
second minimum. Here ρN denotes the number density. Here
we use a value of ρN = 0.08 at. Å−3, which is inferred from
the density of a Cu60Ni40 alloy melt of close composition at
its melting temperature [35]. ZNN that is calculated from the
Bhatia–Thornton structure factor SNN is in good agreement
with <Z> that is determined from the Faber–Ziman partial
structure factors. The minor deviation is due to the errors in
the determination of the different partial coordination numbers
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Table 2. Distances of atomic nearest neighbors (dNN, dNiNi, dCuCu
and dNiCu) and partial nearest neighbor coordination numbers (ZNN,
ZNiNi, ZCuCu, ZNiCu and ZCuNi) for melts of Ni42.7Cu57.3 and of the
pure elements Ni [32] and Cu.

Ni42.7Cu57.3 Ni Cu

T (K) 1560 1605 1356
dNN (Å) 2.46 ± 0.02 2.49 ± 0.02 2.48 ± 0.02
dNiNi (Å) 2.44 ± 0.02 2.49 ± 0.02
dCuCu (Å) 2.47 ± 0.02 2.48 ± 0.02
dNiCu (Å) 2.47 ± 0.02
ZNN 12.6 ± 0.5 11.9 ± 0.5 12.5 ± 0.5
ZNiNi 5.7 ± 0.5 11.9 ± 0.5
ZCuCu 7.2 ± 0.5 12.5 ± 0.5
ZNiCu 5.2 ± 0.5
ZCuNi 7.0 ± 0.5
<Z> 12.5 ± 0.5 11.9 ± 0.5 12.5 ± 0.5
Reference This work [32] This work

Figure 6. Temperature dependence of the concentration–
concentration structure factor SCC of liquid Ni42.7Cu57.at small
momentum transfer q.

(including those due to the Fourier transformation when calcu-
lating the pair correlation functions from the structure factors).

The partial structure factors discussed before have been
measured at the melting temperature of the Ni42.7Cu57.3 alloy
providing clear evidence of a demixing behavior even at this
elevated temperature and showing the characteristic increase
of SCC at small q. Inspired by this finding we performed invest-
igations on the temperature dependence of the increase of
SCC at small momentum transfer, aiming to study the critical
behavior of the compositional fluctuations. For these studies
a sample of the zero-scatting alloy 62Ni42.763Cu57.3 was used.
As discussed before, this allows for the direct measurement
of SCC. For these studies special care was taken in optim-
izing the shielding of the primary beam behind the sample,
which allowed us to slightly increase the accessible range of
momentum transfer to smaller q-values as compared to our
former measurements. Figure 6 shows temperature depend-
ence of SCC at small momentum transfer. The increase of SCC
to small q gets slightly more pronounced if the temperature
is decreased from 1670 K (above the liquidus temperature of

1560 K) to 1510 K (in the regime of an undercooled melt).
This shows that the compositional fluctuations increase with
decreasing temperatures. Nevertheless the variation of SCC is
too small to allow for quantitative analysis of the scaling beha-
vior, possibly because the critical temperature is far below the
experimentally accessible temperature regime.

4. Conclusions

In conclusion the neutron diffraction experiment on the zero
scatterer 62Ni42.763Cu57.3 and isotopically substituted samples
of the same composition have shown that Ni–Cu is not as
conventionally assumed an ideal solution. Instead Ni–Cu
shows some chemical short-range order as evidenced in the
concentration–concentration structure factor SCC(q). In par-
ticular, the rise at low-q values points to a demixing beha-
vior of Ni–Cu. This is in accordance with the slightly pos-
itive enthalpy of mixing reported previously. Interestingly,
the experimental results found here for Ni42.7Cu57 are in
good agreement with predictions from a simple generic model
basing on Lennard–Jones potentials [21].
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