PRL 95, 235703 (2005)

PHYSICAL REVIEW LETTERS

week ending
2 DECEMBER 2005

Competition between Order and Phase Separation in Au-Ni
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We have measured and theoretically analyzed the diffuse scattering in the binary alloy system Au-Ni,
which has been proposed as a testing ground for theories of alloy phase stability. We found strong
evidence that in the alloys AusNi and Au;Ni,, fluctuations of both ordering- and clustering-type are
competing with each other. Our results resolve a long-standing controversy on the balance of relaxation
and mixing energies in this alloy system and explain recent findings of ordering in thin Au-Ni films.
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One future vision for advanced multicomponent ma-
terials is that their structural properties can be modeled
accurately by ab initio theories, allowing the controlled
synthesis of material structures with tailored functions.
The challenge is to understand the intrinsic interactions
between the constituent atoms with sufficient precision in
order to predict the structure and the phase behavior of the
materials. The simplest materials systems which can be
used as test beds for our current microscopic understanding
of multicomponent materials are binary alloys A;_.B,,
grown as single crystals from a solution of atoms A and
B (with B-concentration c).

Binary alloys are generally classified into two generic
types of ordering or phase separating character. The phase
behavior of a binary A-B system is determined by a balance
between the interactions V4, Vpp, and V,p which are
typically of the order of 1 eV. The resulting effective pair
interaction V = V4, + Vpp — 2V, 5, on the other hand, is
typically of the order of several 10 meV, and, thus, com-
peting with the thermal excitations in the system. In turn,
only the accurate determination of these interactions by
experiment and first-principles calculations allows predic-
tions to be performed on alloy phase stability for a given
system [1,2].

In many cases the phase behavior of a given binary alloy
system can be deduced from the short-range order fluctua-
tion spectrum in the high temperature disordered phase [3].
Ordering systems show fluctuations with a dominant wave

vector k # 0 [see Fig. 1(a)], while fluctuations in phase
separating systems are generally characterized by a domi-
nant wave vector k = 0. The two cases can easily be
distinguished via the diffuse x-ray or neutron scattering
caused by the fluctuations in the system [4].

However, there are many systems where such a simple
picture fails. Some alloy systems can indeed form a phase
separated ground state while the high temperature fluctua-
tions are of both, ordering- and/or clustering-type. A sys-

0031-9007/05/95(23)/235703(4)$23.00

235703-1

PACS numbers: 64.60.Cn, 34.20.Cf, 61.10.—i, 61.66.Dk

tematic analysis of the energies involved reveals that it is
the balance of three different types of energies, (a) the
formation enthalpy of ordered structures, (b) the mixing
enthalpy of the random alloy, and (c) the strain energy from
atomic size mismatch which allows the classification of all
systems into five alloy types, ranging from strongly order-
ing to strongly clustering alloys [5].

One of these alloy systems is Au-Ni, which is of par-
ticular interest as it developed into a controversial and
puzzling case. Figure 1(b) depicts the phase diagram of
the Au-Ni system. At high temperatures it shows a homo-
geneous solid fcc solution with a miscibility gap spanning
the entire concentration range. From this simple phase
diagram it has been assumed that the disordered high
temperature phase should only show fluctuations of the
clustering-type. On the other hand, state-of-the-art first-
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FIG. 1 (color). (a) Ordering wave vectors in the fcc system;
(b) phase diagram of the Au-Ni system; (c) competition between
several ordered states and phase separation; (d) L1, (left) and Z1
(right) structure in real space.
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principles calculations by Wolverton et al. display a rich
short-range order pattern indicating competing fluctuations
of both ordering- and clustering-type in the bulk alloy
[6,7]. In turn the short-range order (SRO) diffuse scattering
in this system is predicted to be intermediate between that
of a strongly ordering alloy and that of a strongly clustering
alloy [5].

On the experimental side this has been a rather contra-
dictory case. Early measurements of the diffuse scattering
indeed indicated clustering-type fluctuations (see [8] and
references therein). This has been challenged in diffuse
scattering measurements at Au;Ni, by Wu and Cohen,

where some faint diffuse intensity maxima at k =
{0.6, 0, 0} positions have been observed [9]. This points
directly to the existence of ordering fluctuations in this
system. More recently, diffuse neutron scattering experi-
ments found again no evidence for ordering fluctuations

associated with a wave vector k # 0 [8,10].

In this Letter we present new diffuse scattering experi-
ments of very high accuracy and resolution obtained by a
novel high energy x-ray diffraction technique [11]. The
high quality of the data and a new k-space theoretical
analysis of the findings allow us to identify unambiguously
the various types of fluctuations in the system and their
underlying driving forces. This new insight into this system
settles the controversy on the topology of the SRO and
allows us to explain a recent observation in Au-Ni films
grown on Au substrates. Upon annealing, these films ex-
hibit long-range ordering in the Z1 structure which appears
to be in conflict with the bulk phase diagram [12].

Diffuse scattering measurements give unique experi-
mental access to the Fourier transform of the effective
interatomic pair potential V; [4]. It is encoded in the
diffuse scattering intensity via the Warren-Cowley SRO
parameters « in the Krivoglaz-Clapp-Moss equation
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where ¢ denotes the concentration. It can be seen directly
from Eq. (1) that the minima in the effective pair potential
correspond to maxima in the diffuse scattering distribution.
Recently developed k-space models which represent V, as
the sum of a chemical contribution and a strain-induced
contribution, Ve= V,%h + Vl?, enable us to identify the
origin of the individual components of the fluctuation
spectrum for a given system [13]. This is of particular
importance for the system Au-Ni as strain-induced contri-
butions to the total effective pair interaction are expected to
be large due to the large size mismatch of about 15%
between Au and Ni.

The measurements have been performed at beam lines
IDI5A (ESRF) and X17B1 (NSLS, BNL). The energy of
the x-ray beam has been varied between 60 and 90 keV in
order to tune the multiple scattering from the macroscopi-
cally thick sample. The Au;Ni and AusNi, single crystal
samples with a (001) surface normal were cut and polished

to a thickness of 0.6 mm. During the experiments the
samples have been mounted on a boron-nitride heater
specially designed for in sifu diffuse scattering experi-
ments in transmission geometry. The sample assembly
has been mounted in a vacuum chamber in order to reduce
air scattering. Figure 2 sketches the experimental setup:
The sample is oriented with a high symmetry direction
parallel to the high energy x-ray beam. The scattering
pattern is then detected in transmission geometry, while
the primary x-ray beam is absorbed by a beam stop.
Because of the large radius of the Ewald sphere in the
high energy x-ray regime, the 2D detector records ex-
tended areas in reciprocal space within very short exposure
times and the deviation of the momentum transfer from the
corresponding high symmetry plane is small within the first
Brillouin zone.

The scattering patterns have been recorded in single
exposures within a few seconds from quenched samples
as well as from in situ measurements using both an x-ray
CCD camera (MARCCD) and an online image plate sys-
tem (MAR345). Figure 3 shows the diffuse intensity pat-
tern for quenched samples of AusNi (a) and Au;Ni, (b) at
an x-ray energy of 62.5 keV. The scattering patterns have
been corrected for absorption, Compton scattering, and
polarization effects. Close to the {2, 0, 0} positions thermal
diffuse scattering and so-called Huang diffuse scattering
from static lattice distortions are dominant. The diffuse
scattering patterns for both alloys are similar with only
slight changes in the position of the diffuse scattering
maxima. Most interestingly, we find strong diffuse inten-
sity maxima at several positions within the Brillouin zone
(marked in white in the upper right part of the patterns).
The maxima are produced by fluctuations with dominant
wave vectors k; ={0.5,0,0} and k, ={1,0,0} [see
Fig. 3(d)], revealing fluctuations into Z1 and L1, type
structures, respectively, [see Fig. 1(d) for the correspond-
ing real-space structures]. The diffuse scattering maxima at

the 122 positions are split due to Fermi surface nesting

Ewald (010)

(001) scattering pattern
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FIG. 2 (color). Sketch of the experimental setup for high
energy x-ray diffuse scattering in transmission geometry. The
Ewald construction shows that for high energy x rays the
deviation from a plane is very small in the first Brillouin zone.
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FIG. 3 (color). Diffuse scattering in the (001) plane for
(a) AusNi and (b) Au;Ni, measured from quenched samples at
room temperature. The positions of the principal diffuse scatter-
ing maxima are marked in the upper right part of the first
Brillouin zone. (c) Diffuse scattering in the (001) plane for
Auw;Ni measured in situ at T =700 °C. (d) Principal wave
vectors for the fluctuations in Au-Ni [bold square in (a)].
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effects and asymmetric due to strong lattice distortions (the
split peaks around the {1, 0,0} positions itself are not
visible as separate peaks due to additional distortion-
induced scattering). Figure 3(c) shows the diffuse scatter-
ing distribution for AusNi kept at 7 = 700 °C in the dis-
ordered high temperature phase with the expected increase
in the thermal diffuse scattering. The stronger pair of
diffuse satellites around the {1, 1, 0} positions is still de-

tectable, while the diffuse scattering peaks at the El =
{0.5, 0, 0} positions are too weak to be detected.

Our observations give clear-cut experimental evidence
for the existence of several different strong order fluctua-
tions in Au-Ni alloys. We observe two order fluctuations
associated with the wave vector k; = {0.5,0, 0} and k, =
{1, 0, 0}. In order to shed light onto the nature of the under-
lying interactions, we have performed first-principles cal-
culations. The formation energies of 22 structures have
been obtained from ab initio total energy calculations
within the generalized gradient approximation (GGA) for
AusNi. The structures have been chosen according to the
recently developed topological refinement procedure [14].
For the determination of the chemical contribution Vlgh, the

GGA calculations have been performed for the given set of
volume relaxed structures. The long-ranging V%‘ is ob-

tained from a Kanzaki-Krivoglaz model with only a
nearest-neighbor Kanzaki force, ¢; = —0.55 eV/A. For
the construction of the k-space interaction potential we
again followed the topological refinement procedure. The
results for Vgh, V]%i, and V for Au;Ni are shown in Fig. 4 in
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FIG. 4. Fourier components of the chemical and the strain-
induced part of the atomic interaction, together with the effective
interaction potential. The minima in the effective interaction
potential are marked by arrows.

a reduced Brillouin zone scheme. Vzh results from a real-

space fitting procedure take into account chemical inter-
actions in 10 coordination shells.

The theoretical analysis reveals several remarkable fea-
tures. It shows first of all that it is not the chemical
interaction but rather the strain-induced interaction which
is responsible for the phase separation behavior of Au-Ni
alloys. A similar result has been obtained within the em-
bedded atom method [15]. Second, V; exhibits several
minima located at or around the principal wave vectors
ky =0, k; ={0.5,0,0}, and &k, = {1,0,0}, in excellent
agreement with the experimental findings. Notice in par-
ticular, that the concentration fluctuations associated with
k; = {0.5,0,0} are caused by the interplay between the
strongly repulsive V! and the attractive V* giving rise to
noticeable Z1-type fluctuations. They favor local ordered
structures with 3 Au(100) planes followed by 1 Ni(100)
plane. As the driving force for this type of fluctuations is
strain, one would assume that it is possible to influence
their energy by applying external stress. In fact, Z1 struc-
tures have been discovered in Au-Ni films grown epitax-
ially on Au(001) [12], which are, according to our results,
frozen Z1 fluctuations stabilized by epitaxial strain in these
Au-Ni nanostructures.

The tendency of the system towards phase separation
manifests itself in the diffuse intensity distribution close to
the origin of reciprocal space, k = 0. Figure 5(a) shows a
blowup of our experimental data close to the I' point [lower
half of Fig. 5(a)] disclosing a rather complex diffuse scat-
tering which is intimately related to the nonanalytic be-
havior of V; at k=0 (see Fig. 4). This peculiar “k=0"
phenomenon is caused by the long-ranged part of V* and
emerges unavoidably in systems with a noticeable aniso-
tropic elastic response function [11]. The upper part of
Fig. 5(a) shows a simple model calculation including the
strain-induced part V/%i (taken from Ref. [16]). The com-
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FIG. 5 (color). Diffuse scattering in the (001) plane for Au;Ni,
in the first Brillouin zone. (a) The upper part displays model
calculations taken from Ref. [16], the lower half shows the
measured data from quenched samples at room temperature
with the central part shadowed by the beam stop. (b) Tempera-
ture dependence of the diffuse scattering along I'-K and I'-X.

parison reveals complete coincidence between the mea-
sured and the calculated pattern with maxima in the diffuse
scattering at the locations of the minima in V]%l. The diffuse

intensity maxima within the Brillouin zone clearly indicate
the tendency to form ordering fluctuations in the system
Au-Ni, although the ground state of the system corresponds
to phase separation. This situation is illustrated in Fig. 1(c),
where a phase separated ground state (E =0) is slightly
more favorable in energy than the competing ordered states
(El and ];2)

The nonanalytic behavior of the diffuse scattering in the
vicinity of the origin becomes even more apparent in
temperature dependent measurements. For the measure-
ments a AusNi, crystal has been annealed in the high
temperature disordered phase, followed by a quench to a
final temperature within the miscibility gap where the
diffuse scattering pattern has been recorded. Before the
system was able to start decomposition the temperature has

been raised again to the high temperature disordered phase.
Figure 5(b) shows the diffuse scattering extracted along the
lines I'-K and I'-X for a set of temperatures above and
below the miscibility gap. It is apparent, that the gap
between the measured intensities upon approaching the I
point from two different directions, is increasing with
decreasing temperature. The temperature dependence of
the diffuse maxima at {0.56, 0, 0} positions demonstrates
that entropy finally overcomes the ordering tendencies in
the system. Fluctuations into the Z1 type structure gradu-
ally disappear upon heating.

In conclusion, we have shown that the system Au-Ni
exhibits a competition between ordering and phase sepa-
ration. Fluctuations of both the ordering- and clustering-
type and their driving forces could be identified via the
location of their diffuse scattering maxima. The principle
features of the diffuse scattering distribution are well re-
produced by first-principles calculation of the Au-Ni sys-
tem [7], while the remaining differences are of a quan-
titative nature. Our results demonstrate that the topology of
the diffuse scattering of the bulk system can be used to
understand the phase behavior of the thin film system as
well. Systems with competing interactions producing ten-
dencies for both ordering and clustering fluctuations are
particularly well suited for a modification of their phase
behavior, since the balance between the chemical and
strain-induced interactions can be tailored by the epitaxial
strain induced by the substrate.
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