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Ternary intermetallic compounds of the late transition metals
possess a wide variety of physical properties, including supercon-
ductivity,1 magnetoresistance,2 and shape-memory effects,3 that are
important for many scientific studies and technological applications.
Traditionally, intermetallics are synthesized using high-temperature
arc melting or powder metallurgy techniques, which generally yield
thermodynamically stable structures and offer little control over
nanostructure and morphology. While a few alternative techniques
have been exploited to synthesize new intermetallic phases at low
temperatures,4 solution methods remain largely unexplored. In
general, the solvent and surface stabilizing agents can play a key
role in kinetically trapping phases that are not stable at high
temperatures, providing access to nanocrystalline phases, such as
ε-Co5 and wurtzite-type ZnS.6 This suggests that low-temperature
solution strategies, which were recently shown to yield known
binary intermetallics,7 may be attractive for synthesizing new or
metastable intermetallics with more complex structures and com-
positions.

Here, we show for the first time that low-temperature solution
routes originally developed for the synthesis of nanocrystals8 and
nanocrystalline powders9 can be exploited to access new ordered
intermetallics with ternary compositions. While ternary phase
diagrams are difficult to map out, the Au-Cu-Sn system has been
studied in detail. Intermetallics that form at the solder/metal interface
are responsible for the brittleness and fracture of solder joints, and
the Au-Cu-Sn system is among the most important for under-
standing interfacial phase formation in microelectronic devices.10

While several ternary intermetallics are known in the Au-Cu-Sn
system,11,12we report the discovery of a new ordered intermetallic
compound, AuCuSn2, that is not observed in bulk systems using
traditional synthetic techniques.12 Nanocrystalline AuCuSn2 is
stabilized using low-temperature solution chemistry.

AuCuSn2 was synthesized by heating a solution of HAuCl4‚
3H2O, Cu(C2H3O2)2, SnCl2 (7-fold excess), and poly(vinyl pyrroli-
done) (PVP, MW) 40 000) in tetraethylene glycol (TEG, 20
mL) to 70 °C, then adding a freshly prepared solution of di-
lute NaBH4 and heating the solution to 120-200 °C for 10
min. The X-ray diffraction (XRD) patterns for AuCuSn2 an-
nealed in TEG at 120, 160, and 200°C are shown in Figure 1a.
The patterns, which did not match any known phases in the
Au-Cu-Sn ternary system or the constituent unary and binary
systems, can be indexed to a hexagonal cell witha ) 4.2287(1) Å
and c ) 5.2301(1) Å. Microprobe analysis indicated an average
composition of Au0.80(6)Cu0.98(4)Sn2.0(1), which is close to a nominal
composition of AuCuSn2.

Figure 1a shows a simulated powder XRD pattern for NiAs-
type AuCuSn2, with Au and Cu disordered over the As site. While
the major reflections are in agreement, several smaller reflections
in the experimental XRD data are not accounted for. As the Au
and Cu atoms are allowed to order in alternating layers, superlattice
peaks emerge, and the ordered NiAs superstructure matches all of

the observed reflections. The structure was solved in the trigonal
space groupP312, and after imposing additional symmetries, the
structure was transformed to the hexagonal space groupP6hm2,
where the structural model was refined using TOPAS.13 The
calculated diffraction pattern is in good agreement with the
experimental data (Figure 2). The structure of AuCuSn2 (Figure 2,
inset) consists of an ordered hcp array of Au and Cu in alternating
layers with Sn occupying the octahedral holes. Refinement of the
atomic positions indicated only 10% disorder between the Au and
Cu sites. Importantly, a previous study of the Au-Cu-Sn phase
diagram under equilibrium conditions reported that AuCuSn2 exists
as adisorderedNiAs-type solid solution at 250°C.12 In contrast,
we find that theorderedstructure is stable at 250°C when the
polyol method is used, providing strong evidence that low-
temperature solution routes can stabilize structures that do not form
using traditional synthetic techniques.

The differential scanning calorimetry (DSC) data in Figure 1b
show two endotherms. The first, near 210°C, corresponds to the
melting of Sn. A small Sn impurity was included in the structure
refinement shown in Figure 2, and magnetic susceptibility measure-
ments indicated a superconducting transition at 3.7 K, consistent
with a small Sn impurity. The endotherm at 450°C is evidence of
an order/disorder phase transition, which is confirmed by powder
XRD data for AuCuSn2 heated to 500°C under Ar (Figure 1a),
showing the disappearance of the superlattice reflections. Mecha-
nistic details of phase formation and stability under different
conditions will be addressed in future work.

Figure 1c shows a transmission electron micrograph (TEM) of
AuCuSn2 synthesized at 160°C, indicating that the new ordered
phase exists as well-defined nanocrystals. The average crystallite
size determined by analysis of TEM micrographs (ca. 180 nano-

Figure 1. (a) Powder XRD patterns for AuCuSn2 synthesized in TEG at
120, 160, and 200°C, simulated XRD data for ordered and disordered
(NiAs-type) AuCuSn2, and AuCuSn2 powder heated to 500°C under Ar;
(b) DSC trace and (c) TEM micrograph of AuCuSn2 nanocrystals
synthesized at 160°C in TEG and re-suspended in ethanol. The arrows in
(a) highlight a superlattice peak (see Supporting Information for others),
and asterisks show a small amount of SnO2 that crystallizes on heating.
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crystals) is 27( 14 nm. No attempt was made at this point to
control the size or dispersity of the nanocrystals, although we expect
that standard synthetic modifications to the polyol process will allow
such control in the future.

Using the same solution method, ordered AuNiSn2 can also be
synthesized. Like AuCuSn2, AuNiSn2 is stabilized at low temper-
atures in solution and was not identified in previous studies of the
ternary phase diagram.14 Figure 3 shows the powder XRD pattern
for nanocrystalline AuNiSn2 and the simulated XRD data for the
ordered and disordered structures based on the refined structural
model for AuCuSn2. Magnetic susceptibility data for AuNiSn2

indicate only a small paramagnetic impurity.
The discovery of a new family of ordered intermetallics as

nanocrystals using low-temperature solution methods has several
important implications. First, it shows that ternary intermetallic
phases are accessible as nanocrystals, which has the potential to
greatly expand the availability of complex multimetallic nanoma-
terials for future studies of size-dependent properties, intermetallic

catalysis, and integration into nanotechnological devices. Second,
it demonstrates that low-temperature solution methods that have
been developed for nanocrystal synthesis are appropriate exploratory
media for synthesizing new and possibly metastable intermetallics.
Third, it opens the door to studying phase formation and stability
of complex multimetallic solids at low temperatures, where reaction
kinetics are typically too slow and impurities are unavoidable.
Finally, the fact that we were able to discover new phases in well-
studied ternary systems attests to the ability of this solution-based
synthetic method to stabilize new structures that are not accessible
using traditional methods. We expect that other new binary, ternary,
and perhaps quaternary intermetallic compounds will be accessible
as nanocrystalline solids using this approach.
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Figure 2. Rietveld structure refinement for AuCuSn2 synthesized at 200
°C in TEG showing the calculated (top, solid line) and observed (top,
crosses) XRD patterns. The difference curve (bottom, solid line) indicates
the agreement between the observed and calculated patterns. The top and
bottom sets of tick marks indicate the allowed Bragg reflections for ordered
AuCuSn2 and a Sn impurity, respectively. The refinement yieldedRexp )
3.28%, Rwp ) 13.60%, andRp ) 9.31%. Inset: Structure of ordered
AuCuSn2 and unit cells for the ordered and disordered structures. (Au)
gray, Cu) blue, Sn) red. Gray spheres in the disordered structure represent
a mixture of Au and Cu.)

Figure 3. Observed and simulated (ordered and disordered) powder XRD
patterns for AuNiSn2, with a ) 4.093(1) Å andc ) 5.301(1) Å. Primary
superlattice reflections are marked with an arrow. The average particle size
was estimated to be 12 nm using the Scherrer equation.
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