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Particle-size dependence of phase stability and amorphouslike phase formation in nanometer-siz
Au-Sn alloy particles
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The effect of particle size on the phase stability in nanometer-sized Au-Sn alloy particles has been studied by
transmission electron microscopy. When the composition of alloy particles falls in the two-phase region in the
phase diagram for the bulk material, two phases expected from the phase diagram were produced in particles
of larger than 10 mm in diameter, whereas no interfaces between two different phases can be recognized in the
interior of individual alloy particles to produce an amorphouslike phase below 6-nm-sized alloy particles. The
amorphouslike phase directly changes into a liquid phase with increasing temperature and then the reversible
transformation occurs with decreasing temperature. The changes in the free energy in nm-sized particles
bringing about melting temperature depression may play an important role in the stability of amorphouslike
phases.
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I. INTRODUCTION

Small particles in the size range from a few to seve
nanometers~nm! often exhibit structures and phase stabiliti
which are significantly different from those of the corr
sponding bulk materials. As a typical example, such ph
transition temperatures as melting point and order-diso
critical temperature are remarkably reduced with decrea
size of particles.1–5 However, to the authors’ knowledge
studies on the phase stability and transformation in nm-s
binary alloy particles are few.6,7

In the present work, we studied the Au-Sn binary syst
by transmission electron microscopy~TEM!, in order to see
the phase stability of alloy particles as a function of parti
size. In the phase diagram of the bulk Au-Sn system,
intermediate phases~i.e., Au5Sn and AuSn! are formed in the
range from 0 to 60 at. % Sn and the two-phase region c
sisting of Au5Sn and AuSn exists.8 The structures and chem
cal compositions of nm-sized Au-Sn alloy particles in th
two-phase region have been investigatedin situ by TEM.
Furthermore, the thermal stability of the alloy particles h
been investigated byin situ annealing experiments.

II. EXPERIMENTAL PROCEDURES

Preparation of size-controlled Au;35 at. % Sn alloy par-
ticles was carried out using a double-source evaporator
stalled in the specimen chamber of a TEM. The evapora
consists of two spiral-shaped tungsten filaments. An am
phous carbon film mounted on a molybdenum grid or
cleaved graphite substrate were used as a supporting
They were baked out at about 1073 K for 60 s prior to
experiments. Using this evaporator, gold was first evapora
from one filament to produce nm-sized gold particles on
supporting film. Tin was then evaporated from the other fi
ment onto the same film. In cases where gold particles p
duced on the film were less than approximately 10 nm
diameter, vapor-deposited tin atoms quickly dissolved i
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gold particles and alloy particles were formed.9 By contrast,
when gold particles were larger than this size, dissolution
tin was incomplete and only inhomogeneously alloyed p
ticles were formed. Both types of particles were then a
nealed in the microscope at about 500 K for 300 s and slo
cooled from the annealing temperature to room tempera
in 900 s. This annealing treatment was done in an attemp
allow high atomic mobility in the particles which woul
bring about the equilibrium degree. According to the bu
diffusion constant,10 the annealing period employed~i.e., 300
s! is long enough for constituent atoms to migrate ove
distance of about 10 nm, which is larger than half a ma
mum diameter of particles used in the present work.

The structure and chemical composition of the annea
alloy particles were then studied by TEM at room tempe
ture as a function of the particle size. The chemical com
sition of individual particles on the film was analyzed b
energy-dispersive x-ray spectroscopy~EDS!. The analyses
were carried out using an electron probe of approximatel
nm in diameter. The characteristic x ray of gold and tin we
collected with an ultrathin window x-ray detector at a hig
take-off angle of 68°. The background was simulated
curve fitting, and then subtracted. The chemical composi
of particles was calculated from an intensity ratio of SnL a1
to Au L a1 peak, using sensitivity factors. In the prese
experiments, total x-ray counts under either the AuL a1 or
Sn L a1 peaks are from several hundreds to a thousand
are low, because only approximately 200–300 atoms
contained in the analyzed region. It was confirmed from
preliminary experiments that the compositional error d
pending on total x-ray counts is within62 at. % Sn. On the
other hand, the error of compositions determined by m
surements repeated at three close positions in the indivi
clusters was less than61 at. % Sn. Consequently, it is ex
pected that the total error of compositions was within63
at. % Sn. The error in composition of particles produced
the film was controlled to be less than63 at. % Sn.
©2001 The American Physical Society01-1
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In addition, in order to study the thermal stability in th
alloy particles, some of the samples were then subjectedin
situ annealing experiments. The television camera and vi
tape recorder~VTR! system were used forin situ observa-
tions. The time resolution of the VTR system, i.e., the tim
for one frame, was1

30 s. The micrographs were reproduce
from the images recorded with the VTR system.

The microscope used was a Hitachi HF-2000 TE
equipped with a field emission gun, operating at an acce
ating voltage of 200 kV. The base pressure in the specim
chamber was below 531027 Pa, and is low enough to kee
oxidation in the specimens negligibly slow. On the oth
hand, it was confirmed by EDS measurement that the am
of carbon and oxygen impurity in the Au-Sn alloy particles
negligibly small.

III. RESULTS AND DISCUSSION

A. Size dependence of phase stability in Au-Sn alloy particles
at room temperature

Examples of size-controlled Au;35 at. % Sn alloy par-
ticles are shown in Fig. 1. Figures 1~a! and 1~a8! show a
bright-field image~BFI! of particles with diameters of ap

FIG. 1. Typical examples of size-controlled Au;35 at. % Sn
particles.~a! A BFI of particles of 7–20 nm in mean diameter, an
~a8! the corresponding SAED with the line profile.~b! A BFI of
particles of 3–6 nm in mean diameter, and (b8) the corresponding
SAED with the line profile.
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proximately 7–20 nm and the corresponding selected-a
electron-diffraction pattern~SAED!, respectively. The line
profiles of the corresponding SAED’s are indicated at
bottom of Figs. 1~a8! and 1~b8!. In particles of larger than 10
nm in diameter, interfaces can be recognized in the inte
of individual particles@as indicated with arrows in Fig. 1~a!#.
As illustrated in the SAED and the corresponding line profi
@Fig. 1~a8!#, the Debye-Scherrer rings can be consisten
indexed as those of AuSn~which has theB81 structure of the
space-group P63 /mmc with lattice constants of a0

50.432 nm and c050.552 nm,! superimposed on those o
Au5Sn ~which has the hexagonal structure with lattice co
stants ofa050.509 nm andc051.433 nm!.11 This observa-
tion indicates that two phases were produced; one is A
and the other is Au5Sn. This result is consistent with tha
expected from the phase diagram for the bulk material.

Figures 1~b! and 1~b8! show a BFI of particles with diam-
eters of approximately 3–6 nm and the corresponding SA
with the line profile, respectively. In particles, no interfac
were observed in the interior of individual particles. In th
SAED and the corresponding line profile@Fig. 1~b8!#, two
kinds of diffuse rings are recognized. The value of the sc
tering vector@K5(4p sinu)/l# for the first diffuse ring~in-
dicated byD1! is approximately 22.5 nm21. Similarly, the
value of the scattering vector for the second diffuse r
~indicated byD2! is approximately 28.0 nm21. This fact in-
dicates that a mixture of two kinds of amorphouslike all
phases is formed and equilibrium phases in the correspo
ing bulk material are not produced in Au;35 at. % Sn alloy
particles below 6 nm in mean diameter.

An atomic scale observation and chemical composit
measurement of Au-Sn alloy particles on the same fi
shown in Fig. 1 have been carried out by a combination
high-resolution electron microscopy~HREM! and EDS. An
example of HREM images of an approximately 20-nm-siz
particle is shown in Fig. 2~a!. The particle consists of two
grains; grains I and II. In grain I, the 0.31-nm nm-spac
fringes are the~101! lattice fringes of AuSn. These fringe
make an angle of 68° to each other, showing the incid
beam direction is along the@010# direction of AuSn. In grain
II, the 0.22-nm and 0.24-nm-spaced fringes are the~113! and
~006! lattice fringes of Au5Sn, respectively. These fringe
make an angle of 62° to each other, showing that the incid
beam direction is along the@2110# direction of Au5Sn. EDS
spectra were measured in regions A and B encircled in e
grain. Tin concentrations measured in regions A and B
circled were 52 and 16 at. % Sn, respectively, as shown
Fig. 2~a! and 2~b!. This fact suggests that grains I and II a
AuSn and Au5Sn, respectively.

An example of HREM images of an approximately 6-nm
sized particle is shown in Fig. 2~b!. The particle exhibits a
contrast similar to the salt and pepper contrast reminiscen
amorphous materials. This result is consistent with the re
shown in Fig. 1~b8! where diffuse rings are recognized in th
SAED. An EDS spectrum measured in the encircled par
region C indicates that the tin concentration in the particle
38 at. % Sn, as shown in Fig. 2~c!. This observation indicates
1-2
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FIG. 2. ~a! An example of HREM images of
an approximately 20-nm-sized Au-Sn alloy pa
ticle, ~b! An example of HREM images of an
approximately 6-nm-sized Au-Sn alloy particle
The EDS spectra measured from regions A and
encircled. EDS spectra measured in the encirc
regions of A, B, and C are shown in Figs. 2~a!,
2~b!, and 2~c!.
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that an amorphouslike phase is produced in 6-nm-sized a
particles with the composition of 38 at. % Sn.

Figure 3 shows the changes in nanostructures of a
particles of which the composition falls in the two-pha
region as functions of both size and concentration. In t
figure, marks of circle, square, and triangle indicate am
phouslike phase, Au5Sn and AuSn, respectively. Two-pha
alloy particles which consist of Au5Sn and AuSn are show
as heavy lines connecting two marks~i.e., marks of square
and triangle!. In alloy particles with a diameter above 12 nm
two crystalline phases~i.e., Au5Sn and AuSn! appear and a
maximum value of the deviation from each stoichiomet
composition of Au5Sn and AuSn is about 9 at. % Sn. In a
proximately 10-nm-sized alloy particles, those two cryst

FIG. 3. Changes in nanostructures of alloy particles of which
composition falls in the two-phase region as functions of both s
and concentration.
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line phases are recognized and the deviation from the
ichiometric composition of only Au5Sn becomes remarkabl
high by approximately 12 at. % Sn. With decreasing parti
size below 8 nm in diameter, the salt and pepper cont
characteristic of amorphouslike phases appear. It was
vealed from the present experiment that in case the diam
of alloy particles is smaller than approximately 8 nm, it
difficult to form the two different phases~i.e., Au5Sn and
AuSn! in the interior of individual particles and consequen
amorphouslike phases are formed, even if the compositio
alloy particles falls in the two-phase region in the phase d
gram for the bulk material.

B. Temperature dependence of phase stability in approximately
5-nm-sized Au-Sn alloy particles

In order to see atomistic structures of Au-Sn alloy p
ticles with annealing,in situ HREM observation has bee
carried out. Figure 4 is a typical sequence of the annea
process in an approximately 5-nm-sized Au 36 at. % Sn a
particle. Figures 4~a!–4~d! show the same particle under a
nealing conditions. Figure 4~a! shows the particle kept at 29
K. In the particle, there appears a salt and pepper con
reminiscent of an amorphouslike structure. Figure 4~b!
shows the same particle kept at 473 K below bulk melt
temperature~i.e., 551 K!. The salt and pepper contrast in th
particle becomes poor. The particle is neither a crystall
phase nor liquid phase at this temperature. Figure 4~c! shows
the same particle kept at 773 K above bulk melting tempe
ture. The salt and pepper contrast disappears completely

e
e
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changes into a monotonous contrast characteristic of a liq
phase. Figure 4~d! shows the same particle after coolin
down to 293 K. Such a salt and pepper contrast as obse
in Fig. 4~a! is recognized again. From these results, it w
revealed that in a 5-nm-sized Au 36 at. % Sn alloy particle
amorphouslike phase directly changes into a liquid ph
with increasing temperature from 293 to 773 K and then
reversible transformation occurs with decreasing tempera
from 773 to 293 K. It was confirmed that any crystallizatio
does not take place with increasing or decreasing temp
ture.

C. Stability of amorphouslike phase in nm-sized alloy particles

In our preliminary experiments, it was confirmed th
when the diameters of alloy particles become less than a
nm, the amorphouslike nanostructure~including an ultrafine
grain structure! appears in the Au-In, Au-Al, and Au-Sb sys
tem which has negative heat of mixing, even if the comp
sition of the alloy particles falls in the two-phase region
the bulk phase diagram. These results suggest that the
dynamics of alloy formation plays an important role in t
formation of the amorphouslike phase in alloy particles.

The observed phase stability in nm-sized alloy particle
discussed from the viewpoint of melting temperature dep
sion in nm-sized particles. The free energy in nm-sized s
or liquid particles will become higher than that in the corr
sponding bulk materials, since the fraction of atoms ass
ated with the surface~i.e., the surface energy! increases with
decreasing particle size. The increase of the free energ
solid particles in which the lattice softening12–14 and mor-
phological fluctuations15,16 will be enhanced with decreasin
particle size should become relatively more than that in p
ticles in the liquid state in which the constituent atoms
tively move even in the bulk materials. Consequently, it
considered that free energy as a function of temperatur
nm-sized alloy particles may be changed, as shown by

FIG. 4. A typical sequence of annealing process in an appr
mately 5-nm-sized Au 36 at. % Sn alloy particle.
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schematic illustration of free-energy temperatu
composition diagram in the eutectic system in Fig. 5~a!. The
increase~uniformly upper sift! of the free energy in nm-sized
solid particles leads to the melting temperature depression
addition, an amount of the melting temperature depressio
dependent on the temperature gradient of the free ene
The temperature gradient of the free energies decreases
decreasing temperature, and then becomes significantly s
at the bottom of the deep valley of the eutectic system. In
present experiments, it is shown that an amorphouslike ph
is produced in nm-sized particles with the composition fro
about 25 to 40 at. % Sn. This composition is very close to
bottom of the deep valley of the liquids in the middle of th
Au5Sn and AuSn two-phase region in the bulk phase d
gram. In fact, the eutectic point appears at a temperatur
low as 551 K at 29 at. % Sn~cf. the melting point of gold of
1337 K!. The increase of the free energy in nm-sized so
alloy particles which has a small temperature gradient a
reduced temperature may lead to the large depression o
eutectic temperature@eutectic temperature depressionDTE is
larger than melting temperature depressionDTM , as shown
in Fig. 5~a!#. It is not so difficult to show that the melting
point depression of nm-sized alloy particles in the compo
tion range near the deep eutectic point in the bulk ph
diagram can be greatly enhanced as compared to that o
constituent pure substances with relatively higher melt
points. The value of the melting temperature in appro
mately 8-nm-sized gold particles is about 1200 K,17 and is
depressed by approximately 140 K as compared to tha
bulk gold ~i.e., 1337 K!. The value of the temperature grad
ent of the free energy in the solid phase estimated at
melting temperature in bulk gold is;3.831022 kJ/mol K.18

On the assumption that the temperature gradient of the
energy at the melting temperature in the solid phase is c
to that in the liquid phase, the increase of the free energ
the solid phase, approximately 5 kJ/mol, is required to
press the melting temperature by approximately 140 K.
order to estimate approximately the temperature gradien
the free energy at the eutectic temperature~i.e., 551 K! in Au
29 at. % Sn alloy, the temperature gradient of the free ene
at the same temperature in bulk pure gold was adopted
cause it is expected that the temperature gradient of the
energy in pure gold is close to that in Au 29 at. % Sn alloy
spite of the difference in the absolute values of the free
ergy. The temperature gradient of the free energy at 551 K
bulk pure gold is;1.631022 kJ/mol K.18 Using this value
of the temperature gradient of the free energy, the value
the increase of the free energy in nm-sized solid alloy p
ticles, approximately 5 kJ/mol will bring about the meltin
temperature depression of more than 300 K. This estima
is consistent with the results by Allen and Jesser19 that the
melting temperature depression of the nanoparticles in
composition range near the deep eutectic point can be gre
enhanced as compared to that of the constituent pure
stances with relatively higher melting points in the calcu
tion of the size dependence of the phase diagram for
Sn-Bi alloy nanoparticles. Figure 5~b! shows the schematic
illustration of a model for amorphouslike phase formation
melting ~eutectic! temperature depression in nm-sized p

i-
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FIG. 5. Schematic illustrations of differenc
in the free energy between bulk materials and t
corresponding nm-sized particles.~a! The sche-
matic illustration of free-energy temperature
composition diagram in the eutectic system.~b!
The schematic illustration of a thermodynam
model for amorphouslike phase formation b
melting ~eutectic! temperature depression in nm
sized particles.
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ticles. In this case, the melting point of such nm-sized al
particles would be below room temperature~that is, below
glass transformation temperature!, since the eutectic point is
551 K for bulk. Then there will be a possibility that room
temperature is too low to keep the equilibrium liquid pha
in the liquid state and therefore the liquid phase freezes
an amorphouslike solid phase~i.e., the ideal glass! at room
temperature where the present observations were carried
This may be one possible explanation for the formation
the amorphouslike phase. It was revealed in the previ
session that the amorphouslike phase goes to melt wit
preceding crystallization on heating. This fact shows that
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phase is not a nonequilibrium phase. In this context,
phase is different from such nonequilibrium amorphous al
as produced by liquid quenching, mechanical grinding,
mechanical alloying.

IV. CONCLUSION

The effect of particle size on the phase stability in n
sized Au-Sn alloy particles has been studied by TEM. Wh
the composition of alloy particles falls in the two-phase
gion in the phase diagram for the bulk material, two pha
expected from the phase diagram were produced in parti
1-5
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of larger than 10 nm in diameter, whereas an amorphous
phase was produced below 6-nm-sized alloy particles. T
amorphouslike phase directly changes into a liquid pha
with increasing temperature and then the reversible trans
mation occurs with decreasing temperature. The change
the free energy in nm-sized particles bringing about melti
09410
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temperature depression may play an important role in
stability of amorphouslike phases.
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