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Ternary intermetallic compounds of the late transition metals

possess a wide variety of physical properties, including supercon-

ductivity,! magnetoresistan@eand shape-memory effectghat 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

temperature$, 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

e-Co® and wurtzite-type Zn8.This suggests that low-temperature
solution strategies, which were recently shown to yield known
binary intermetallicg, 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 nanocrystaisl
nanocrystalline powdetsan be exploited to access new ordered
intermetallics with ternary compositions. While ternary phase
diagrams are difficult to map out, the AtCu—Sn system has been
studied in detail. Intermetallics that form at the solder/metal interface
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Figure 1. (a) Powder XRD patterns for AuCugeynthesized in TEG at
120, 160, and 200C, simulated XRD data for ordered and disordered
(NiAs-type) AuCuSh, and AuCuSp powder heated to 500C under Ar;

(b) DSC trace and (c) TEM micrograph of AuCuSmanocrystals
synthesized at 168C 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 Srikat crystallizes on heating.

the observed reflections. The structure was solved in the trigonal
space groupr312, and after imposing additional symmetries, the
structure was transformed to the hexagonal space gR&m®,
where the structural model was refined using TOPAShe

are responsible for the brittleness and fracture of solder joints, andcalculated diffraction pattern is in good agreement with the

the Au—Cu—Sn system is among the most important for under-
standing interfacial phase formation in microelectronic devi€es.
While several ternary intermetallics are known in the-ATu—Sn
systemt-12we report the discovery of a new ordered intermetallic
compound, AuCuSs that is not observed in bulk systems using
traditional synthetic techniqués.Nanocrystalline AuCuSnis
stabilized using low-temperature solution chemistry.

AuCuSn was synthesized by heating a solution of HAuCI
3H,0, Cu(GH30,),, SnCh (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 NaBH, and heating the solution to 12@00 °C for 10
min. The X-ray diffraction (XRD) patterns for AuCugran-
nealed in TEG at 120, 160, and 20G are shown in Figure 1la.
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 with 4.2287(1) A
andc = 5.2301(1) A. Microprobe analysis indicated an average
composition of Al goeCUo.9s@Sb.oy Which is close to a nominal
composition of AuCuSn

Figure 1la shows a simulated powder XRD pattern for NiAs-
type AuCuSa, 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

experimental data (Figure 2). The structure of AuCuigure 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-AQu—Sn phase
diagram under equilibrium conditions reported that AuGuskists

as adisorderedNiAs-type solid solution at 250C.12 In contrast,

we find that theordered structure is stable at 250C 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 220, 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 480 is evidence of
an order/disorder phase transition, which is confirmed by powder
XRD data for AuCuSp heated to 500C 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
AuCuSn synthesized at 160C, indicating that the new ordered

and Cu atoms are allowed to order in alternating layers, superlatticephase exists as well-defined nanocrystals. The average crystallite
peaks emerge, and the ordered NiAs superstructure matches all oize determined by analysis of TEM micrographs (ca. 180 nano-
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80000 | catalysis, and integration into nanotechnological devices. Second,
. it demonstrates that low-temperature solution methods that have

0& been developed for nanocrystal synthesis are appropriate exploratory
80000 w media for synthesizing new and possibly metastable intermetallics.
+ Ordered o : . -
—_ ! Third, it opens the door to studying phase formation and stability
‘E 40000 @p of complex multimetallic solids at low temperatures, where reaction
§ 3& kinetics are typically too slow and impurities are unavoidable.
2 _ - Disordered Finally, the fact that we were able to discover new phases in well-
g 200001 + studied ternary systems attests to the ability of this solution-based
£ S . I _ synthetic method to stabilize new structures that are not accessible
s e using traditional methods. We expect that other new binary, ternary,
= " g p ry Yy
0 | ) | e ) and perhaps quaternary intermetallic compounds will be accessible
X U RS P as nanocrystalline solids using this approach.
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