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Nanoparticles are of considerable interest, owing to their size-dependent properties, different from those
of bulk materials. For revealing internal atomic processes in them, individual nanoparticles of Cu-Ag
alloys were grown by direct current (DC) magnetron sputtering. Phase-separation during growth in
Cu-Ag particles was found to be size- and composition-dependent. Particles below 5 nm in diameter
grow as a solid solution of the components for all compositions (15e80 at.% Ag). In the low Ag content
range (15 and 30 at.% Ag) phase-separation occurs only for particles above 5 nm in diameter. The sep-
aration into Cu-rich and Ag-rich domains, when observed, takes place by spinodal decomposition for all
particle sizes. In particles undergoing incomplete coalescence, phase-separation occurs even if the
diameter of the colliding particles is below 5 nm. In the higher Ag content range (60e80 at.%), however,
no phase-separation is observed until coalescence sets in. Lattice parameter measurements in alloy
particles of 30 at.% Ag revealed that the miscibility gap in individual particles varies between 70 and
90 at.%. Calculation of the composition dependence of the critical length for spinodal decomposition
provided quantitative explanation for the observed phenomena.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nanoparticles are of considerable interest, as they often possess
size-dependent properties, different from those of bulk materials.
In the last few years, many investigations have focused on bime-
tallic nanoparticles, owing to their promising characteristics. Both
one-phase and two-phase alloy nanoparticles are of great interest
for their improved chemical [1,2], catalytic [3], optical [4], biological
[5] and plasmonic [6] properties over their single-component
counterparts.

Specific physical and other properties of nanoparticles depend
on their atomic structure and arrangement of the component
atoms. It is likely that the structure formation of alloy phases in the
nanosize region also takes place in a distinctive way, different from
that in the bulk.

Alloy nanoparticles can be produced by different methods;
chemical and electrochemical techniques have high efficiency. Thin
(5 nm and below) noble metal deposits on substrates present a
simple one-step, reproducible way to make stable nanostructures.
Physical methods are adequate to grow alloy nanoparticles on a
i).
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substrate, both by sequential- or co-deposition of otherwise
immiscible components. Sequential deposition will essentially
result in core-shell morphology, while co-deposition opens the
possibility for mixing other ways immiscible components. In co-
deposited alloys of components having limited solubility in each
other different kinds of metastable/unstable structures can form
which can spontaneously undergo phase transformation/phase-
separation still during or after the growth. Nevertheless, if under-
stood, these processes offer new possibilities for designing or
controlling the structure and through that the properties of nano-
particles. A promising system for investigation of these kinds of
phenomena can be composed from components having broad
miscibility gap. Systems with the ability to undergo spinodal
decomposition are especially promising.

A typical example of a binary systemwith largemiscibility gap is
the Cu-Ag system. Concerning the phase state of Cu-Ag nano-
particles, only minor changes in the actual phase diagram of
nanoparticles was predicted, in comparison to the equilibrium one
measured for the bulk Cu-Ag system [7,8]. In addition, no spinodal
decomposition was observed in nanoparticles of eutectic compo-
sition of about 10 nm in size [9]. On the contrary, larger deviations
from equilibrium processes were observed by H.T. Hai et al. [1].
They showed that in Ag-Cu core-shell particles, the agglomeration
of Ag takes place above 150 �C. For particles below 50 nm this
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Fig. 1. Overall view of Cu-Ag alloy nanoparticles (60 at.% Ag content), formed by co-
deposition (about ~1 nm effective thickness). Particles marked by A and similar are
the result of individual growth; those marked by B have undergone coalescence. The
light grey background corresponds to the carbon substrate.
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process was found to be diffusion-controlled with activation energy
of 37.56 kJ/mol. This corresponds very well to the activation energy
for the surface diffusion of Ag [1]. It has also been shown [10] that
the spinodal curve and the miscibility gap both shrink as the par-
ticle size decreases, even in the absence of relatively larger surface
effects. Larger surface effects experienced by smaller particles have
been supported by calculations with a phase-field model [11].
However, it has also been shown experimentally that a thin carbon
coating can reduce these surface effects, and prevent the surface-
induced reduction of the miscibility gap [12]. The atomic struc-
ture and themorphology can vary from (meta)stable solid solutions
to two-phase particles with core-shell or side-segregated
morphology. The level of separation of the components (the
width of the miscibility gap) can also depend on the size and the
composition of the particles.

In the present work, phase-separation in Cu-Ag co-deposited
nanoparticles has been investigated. The Cu-Ag system, a typical
eutectic which has a wide miscibility gap, has been chosen for its
relative chemical inertness and ability for spinodal decomposition
[13,14]. Both Cu and Ag have fcc symmetry of lattice parameters
0.3615 and 0.4085 nm, respectively. The solubility at room tem-
perature of these components in each other is negligible in equi-
librium conditions. However, co-deposition at room temperature
and below can lead to the formation of crystalline [15] and even
amorphous [16] solid solutions. Spinodal decomposition in thicker
Cu-Ag films has been found to be a working atomic mechanism of
the nanocomposite structure formation, at compositions close to
eutectic (60 at.% of Ag) [14]. For discontinuous yet Cu-Ag films,
liquidelike coalescence resulted in random two-phase poly-
crystalline islands, owing to crystallization from the melt [14].

Preparation of Cu-Ag alloy nanoparticles by co-deposition, as
well as their phase-separation processes, including spinodal
decomposition, is studied in this work. The demand to understand
morphological development and stability in these nanostructures
has an increasingly growing importance, as two- and multicom-
ponent nanoparticles are gaining application. The results are
treated in the frames of the Chan-Hillard theory of spinodal
decomposition.

2. Materials and methods

The nanoparticles were prepared using DC magnetron co-
deposition of Ag and Cu on thin amorphous carbon film in Ar at-
mosphere of 0.2 Pa pressure. The deposited quantities of Cu/Ag
mixtures were grown to a very small effective thickness, about
1 nm, to result in individual nanoparticles. At this point, the
deposition process was stopped providing the possibility to inves-
tigate the properties of separate nanoparticles formed at the very
beginning of the deposition process e before coalescence and
continuous film formation.

During the process, the background vacuum was about
8 � 10�6 Pa. The two sputtered targets consisted of 99.99% pure Cu
and Ag. The sputtering speed ranged between 0.1 and 1 nm/s, and
was controlled by the sputtering power of the targets. All de-
positions were made at ambient temperature (about 20 �C) and
floating potential of the substrate onto thin amorphous carbon
substrates. The composition was controlled by setting the appro-
priate growth rates for the components after calibration. In order to
confirm the resultant compositions, energy dispersive X-ray spec-
troscopy (EDS) analysis was carried out. The composition of the
samples covered several different values between 15 at.% Ag and
80 at.% Ag.

The samples were examined by transmission electron micro-
scopy (TEM) in a Philips CM20 electron microscope operated at
200 kV. As a result of the thin substrate, the samples were suitable
for TEM analysis without further preparation. This allowed the
examination of the obtained nanoparticles in a very short time after
growth. Analytical measurements were carried out using a NORAN
Energy Dispersive Spectrometer (EDS), with a Ge detector attached
to the CM20 microscope. High-resolution TEM (HREM) measure-
ments were performed in a JEOL 3010 microscope at 300 kV
accelerating voltage close to Scherzer defocus values. A built-in
Fourier-transform algorithm of the Digital Micrograph software
was used for quantitative analysis of the HREM images.
3. Results

Samples grown in the whole composition range to an effective
thickness of about t ¼ 1 nm formed individual nanoparticles on the
amorphous carbon substrate. A typical array of such particles is
shown in Fig. 1 for an alloy of 60 at.% Ag content. The size of the
particles is a few nm in diameter, most of them being of hemi-
spherical shape. Faceting of a few of them could also be observed.
Most particles in our experiments are the result of individual
crystal growth from the vapour phase and the collection of adatoms
from a substrate area (particles denoted A in Fig. 1). However, in
some cases, the individual crystals are able to reach the growth
stage of the very beginning of coalescence. In this case a fraction of
particles will be the result of coalescence (particles denoted B in
Fig. 1). The distance between the centres of particles is typically
about s¼ 5e10 nm, corresponding to the size of the diffusion zones
where the particles form. The volume of arriving material to such a
zone is Vz ¼ s2t; t ¼ 1 nm and the volume of a particle is about
Vp z 4r3p/6 for a half-sphere of radius r. From Vz ¼ Vp we obtain (if
re-evaporation is neglected) a particle diameter 2r of about 5 nm,
which corresponds fairly well to Fig. 1. The actual diameter of the
particles varies between 2 and 10 nm for each composition. This
can be attributed to the local differences in relative configuration of
the growing islands on the substrate, as well as to occasional coa-
lescence events. Despite these differences between individual
particles within one sample we consider them having the same
composition.

According to electron diffraction the 60 at.% Ag content sample
consists of one-phase solid solution particles. The crystallographic
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orientation of the particles is random. This should be the case on an
amorphous substrate, where texture usually develops during coa-
lescence [17]. The random orientation of the islands also proves
that they are in the growth stage preceding or at the very beginning
of coalescence.

To reveal the phase state of the individual particles, high-
resolution microscopy was used. High-resolution images allow
the visualization of lattice fringes in the particles and the mea-
surement of their spacing. Fast Fourier Transform (FFT) of the im-
ages shows the spectrum of the lattice distances imaged in the
particles, and reveals if they have a one- or two-phase structure.

For the quantitative analysis of phase-separation in individual
particles, the measurement of the lattice distances imaged in them
can provide further information. Eq. (1) shows the relation between
the lattice parameter of a solid-solution alloy and its pure compo-
nents, where x denotes the concentration of Ag in mole fractions,
and aCu and aAg denote the lattice parameter of pure copper and
silver, respectively.

xalloy ¼ ð1� xÞaCu þ xaAg and

x ¼
�
aalloy � aCu

�.�
aAg � aCu

� (1)

The deviation from this linear law discussed in Refs. [18 and 19]
is hardly resolvable with the electron diffraction methods applied
here, so will be neglected in further discussions.

Assuming a linear dependence between the composition and
the lattice parameters (Eq. (1)), the estimation of the solute content
becomes possible with the help of the measurement of lattice
spacing and the determination of corresponding Miller indices.

The FFT diffraction patterns of nanoparticles taken from an area
of 42� 42 nm, similar in structure to that shown in Fig.1, are shown
in Fig. 2. The FFT diffraction pattern in Fig. 2a shows the two-phase
(Ag and Cu) nature of the sample (30 at.% Ag), proving that phase-
separation occurred in the nanoparticles. The peculiarity of the
diffraction is the occurrence of Cu 111 and Ag 111 reflections in
pairs, indicating that these pairs originate from Cu and Ag crys-
tallites having epitaxial relation to each other. The difference in
diameter between the Ag 111 and Cu 111 rings corresponds to
0.024 nm in the spacing of {111} planes of the separated phases (Ag
and Cu). This is about 11% less than the difference, corresponding to
complete separation (0.0272 nm). According to Eq. (1) it denotes
the formation of two solid solutions with ~89 at.% concentration
difference (miscibility gap) on average. However, the distance be-
tween the pairs of diffraction spots varies from reflection to
Fig. 2. Fast Fourier Transform of a HREM image of nanoparticles of (a) 30 at.% of Ag and (b)
the difference in diameter between the Ag 111 and Cu 111 rings corresponds to 0.024 nm in
from a single phase fcc structure, the dotted lines show the position of the Ag 111 and 200
reflection (Fig. 2a), indicating a difference in the level of separation
of the components from particle to particle.

The FFT of the particles with composition of 80 at.% Ag (Fig. 2b)
shows no epitaxial relation between reflections. According to this,
we assume that the same phase-separation as seen in Fig. 2a cannot
be detected in this sample. Consequently, these particles have
single-phase structure and the reflections on the two rings belong
to one fcc phase. The reflections falling outside the dotted circles
(marking pure Ag) in Fig. 2b correspond to alloy formation, with a
decreased lattice parameter compared to Ag, as expected from Eq.
(1).

Besides the FFTanalysis of the HREM imageswe investigated the
structure of individual particles as well. Based on this analysis,
made for different compositions, the particles could be divided into
two-phase and single-phase ones. We found that the phase-state
depends on the diameter and composition of the nanoparticles.
Fig. 3a shows for 30 at.% Ag content that particles of about 3 nm in
diameter have single-phase structure, while larger ones (just above
5 nm and about 8 nm in diameter) are two-phase particles.
Moreover, in the two-phase particles the phases are epitaxial with
each other as identified by the position of their 111 reflections.
These particles are composed of two and three Cu and Ag rich
domains, accordingly. For 60 at.% Ag content most particles prove to
be single-phase solid solutions, independent of their size, as shown
in Fig. 3b.

The results of measurements for all investigated compositions
(15, 30, 60, 70 and 80 at.% Ag) conclude that particles of all com-
positions of size below about 5 nm showa single-phase structure of
a solid solution. Above this size, the phase state of a particle (for-
mation of single- or two-phase structure) depends on composition.
For compositions 15 and 30 at.% of Ag particles which were larger
than 5 nm tend to have a two-phase structure, while for samples of
Ag content above 60 at.% mainly single-phase particles are typical.

According to [20] and [21], the occurrence of phase-separation is
size-dependent in alloy particles. 7 nm is given as the lowest size
limit of phase-separation for Ag-Ni alloy particles in Ref. [21]. In the
present work, for co-sputtered Cu-Ag particles 5 nm is observed as
the characteristic size of the formation of two-phase particles.
Nevertheless, Fig. 3 shows an increase in the characteristic sizewith
increasing Ag content. Actually no phase-separation was observed
for particle sizes up to 10 nm in alloys of 60 at.% Ag content and
above. According to [9], nanoparticles of eutectic Cu-Ag alloy
(60 at.% Ag) prepared by solvothermal synthesis revealed no phase-
separation up to 230 �C. This is in accordance with the present
80 at.% Ag content. The image in a) reveals the two-phase structure of the particles and
the spacing of {111} planes of the separated phases. The image in b) shows diffraction
rings.



Fig. 3. HREM images of Cu-Ag nanoparticles in (a) 30 at.% Ag and (b) 60 at.% Ag particles and the corresponding FFT diffractions. From both concentrations and size a typical particle
was chosen as a representation. Phase-separation is observed in particles larger than 5 nm and for Ag content of 30 at.% (diffraction dots are doubled in the FFT diffraction; similarly
as in Fig. 2a). Only one-phase particles are found for above 60 at.% Ag content. The denoted Ag and Cu domains within two particles are identified according to their lattice pa-
rameters (for Ag domains ~0.235 nm and for Cu ones ~0.208 nm; the transition from Ag to Cu structure is gradual, no sharp interface between them) and can be recognized by
change of fringe spacing in the pictures.
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observations, though the average particle diameter in Ref. [9] was
around 10 nm, somewhat bigger than in the present measurements
(Fig. 1). For Cu-Ag alloy particles of larger sizes Chen, H. and J.-M.
Zuo [20] observed enhanced phase-separation with increasing
particle size (from 2.8 to 8.4 nm effective film thickness) for 50 at.%
Ag films and mostly in coalescing particles.

These facts allow the conclusion that particle size and compo-
sition play important role in the phase-separation mechanism of
Cu-Ag alloy particles: particles with 15 and 30 at.% Ag content start
separation above 5 nm diameter; in particles of Ag content above
60 at.% Ag this process takes place only above 10 nm diameter.

Many of the single-phase particles are defect-free single crystals
(Fig. 3). A typical example is additionally shown in (Fig. 4a), where a
particle (60 at.% Ag) of [001] orientation is selected. A part of par-
ticles in the size region below 5 nm is, however, defective; the
typical defect being twinning in them independent on composition.
Fig. 4b and c shows particles, composed of coherent twins, all parts
of which share a common <110> type direction parallel to the
substrate normal. An example of regular multiple twinning is
demonstrated by the particle shown in Fig. 4c. Here the twin for-
mation is repeated on alternate {111} twin planes so as to form
circular arranged twins of (close to) fivefold symmetry, sharing also
a common <110> axis. Fivefold twinning has been discussed and
observed in many other fcc metal and alloy nanoparticles [22,23].
The Cu-Ag alloy is another example of their formation.

The diffraction pattern of the particle in Fig. 4c also indicates a
one-phase alloy with a ¼ 0.403 ± 0.004 nm as lattice parameter,
which is about 1.3% smaller than the bulk value for Ag. According to
eq. (1), this corresponds to 11 at.% Cu content against the nominal
20 at.% of Cu. Segregation of Cu, tensile strain owing to the fivefold
structure and formation of some Cu-oxide, can be responsible for
the apparently missing Cu content, as estimated from the lattice
parameter change. Many of the examined single phase particles
(∅ ¼ 5e10 nm in the range of 60e80 at.% of Ag) are also defective:
not only is twinning present, but also stacking faults are appearing.
The defective nature of the particles does not seem to affect the
stability of these particles against decomposition.

3.1. Phase-separation in Cu-Ag particles of 30 at.% Ag content

In the larger particles (∅ ¼ 5e10 nm) containing less than, or
equal to 30 at.% of Ag, the occurrence of phase-separation becomes
significant. Fig. 5 shows the statistics of the measured lattice dis-
tances in a sample of 30 at.% Ag, with no respect to particle size. The
absolute values measured from the micrographs can depend on the
magnification calibration of the images, however, the relative
values can be considered to be correct.

If there was only a homogeneous alloy of the nominal compo-
sition (30 at.% Ag), there would only be one 111 spacing located
between the values of 111 spacing of the pure Ag and Cu (eq. (1)).
However, in our case, there are two larger maxima and even a third
small maximum between them. The two larger peaks are close to
111 spacing of Ag and Cu but they are located closer than they
would be for pure components. This indicates that the separation
has not finished with the formation of pure Cu and Ag but Cu-rich
and Ag-rich solid solution phases have formed. The estimation (eq.
(1)) of the concentration difference between the Cu-rich and Ag-
rich phases is about 85 at.%, on average, which can be considered
as the average miscibility gap in them. The third small maximum
corresponds to 111 spacing of a Cu-Ag alloy (Fig. 5). This can be
explained by the presence of small (∅<5 nm) particles that form a
homogeneous solid solution. This fits well with the result of the
above discussion and with Fig. 3.

There are also a few values exceeding the lattice parameter
value of pure Ag. This must be a result of different size effects
[24,25] or measurement errors. An individual example is shown in
Fig. 4a. For this particle, the lattice spacing of the {200} type planes
is measured to be 0.207 ± 0.003 nm, though it should be below



Fig. 4. High resolution images of (a) single-phase, defect-free 60 at.% Ag alloy particle of [001] orientation; (b) 80 at.% of Ag alloy single-phase twinned nanoparticles; and (c) a
pentagonal multiple-twinned nanoparticle. Faceting of the particles is evident in (b) and (c).

Fig. 5. Distribution of measured lattice distances in the 30 at.% Ag sample. Pure Cu and
Ag parameters (obtained from X-ray diffraction database) are indicated by markers.
The 111 spacing for the expected homogeneous alloy of this composition (Eq. (1)) is
also indicated.
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0.204 nm (it should be 0.199 nm in the case of 60 at.% Ag alloy).
For two-phase particles of the 30 at.% Ag sample (see e.g. ex-

amples in Fig. 2a) the distribution of differences between the 111
spacing of Ag-rich and Cu-rich domainsDd(111)¼ d111(Ag)-d111(Cu)
across the phase boundary in individual particles was also
Fig. 6. Distribution of d111(Ag)-d111(Cu) calculated from 111 epitaxial reflections in
phase-separating particles of 30 at.% Ag content sample. Frequency of occurrence is
shown as the function of the difference.
determined (Fig. 6). In the case of complete separation the differ-
ence of 111 lattice spacing of pure components should correspond
to 0.027 nm. The most frequent difference is 0.024 nm. The con-
centration gap calculated from this distance equals to ~89%, which
agrees well with the result obtained from Fig. 5. There remains,
however, a number of boundaries across which the Dd(111) dif-
ference is smaller and accordingly the separation is less complete.
For example, atDd(111)¼ 0.020 nm the concentration difference on
the two sides of a phase boundary corresponds to 74 at.%. The
Dd(111) differences larger than for pure components must be a
result of measurement errors or different size or shape- [24,25], as
well as other effects causing changes in the lattice spacing.

Despite the fact that the accuracy of the measured lattice
spacing differences has certain limitations, the obtained width of
the average miscibility gap from three different measurements
(Figs. 2, 5 and 6) is practically the same (85e89 at.%). This can be
considered a relatively safe estimation of the width of the misci-
bility gap in individually grown Cu-Ag nanoparticles of 30 at.% Ag
content, and particle diameter of 5e10 nm.
3.2. Phase-separation in coalescing Cu-Ag particles

At the growth conditions used in our experiments two types of
coalescence can occur in the case of nm-size particles [17]. The
coalescence is complete when a single crystal particle forms from
two (or more) particles. The process can take place in liquid or solid
state. Liquid state coalescence results in the melting of coalescing
particles, then the new crystal forms by the solidification of the
melt. Solid-state coalescence occurs by diffusion processes. The
result of complete coalescence cannot be distinguished from the
crystallites grown individually from the vapour phase. Incomplete
coalescence occurs when a grain or phase boundary between the
coalescing particles is incorporated in the resulting one. Particles
having undergone incomplete coalescence are analysed in Fig. 7.

Two coalescing particles of sample (30 at.% of Ag), are presented
in Fig. 7a. Two distinct lattice plane distances are displayed in each
of them. The FFT pattern (Fig. 7d or e.) also shows the corre-
sponding two distances with two pairs of 111 reflections positioned
epitaxially to each other. Shorter 111 reciprocal vectors correspond
to the larger lattice spacing of an Ag-rich alloy; longer ones corre-
spond to a Cu-rich alloy. Filtering these 111 reflection pairs,
respectively, gives the location of the Ag- and Cu-rich domains after



Fig. 7. HREM image of two (30 at.% of Ag) coalescing nanoparticles (a). Fourier
transformwith epitaxial reflections and overlaying filtering masks are shown in (d and
e). Inverse Fourier transforms after filtering (a), showing Cu-rich (b) and Ag-rich (c)
regions.
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an inverse Fourier transformation (Fig. 7b and c.). The Cu- and Ag-
rich domains are placed adjacent to each other in the particles, with
a coherent phase boundary present. Their lattice fringes, visible in
Fig. 7a, extend through the phase boundary continuously showing
epitaxial relation. From the measured parameters the phase-
separation corresponds to ~70 and ~80 at.% concentration differ-
ence in the two particles (Eq. (1)). As the fringes are inclined to the
phase boundary, misfit dislocations should be seen, but are not
detected in it. The full misfit between pure Cu and Ag is close to 12%
(11.948%), which means that at every 9th lattice plane a misfit
dislocation should be located in the phase boundary. Internal
strains and decreased misfit owing to incomplete separation may
have contributed to the increase of the period of misfit dislocations.
The size of the particles and the length of the phase boundary are
too small for a misfit dislocation to appear in Fig. 7.

The size of coalescing grains in Fig. 7 is smaller than 5 nm.
Despite the fact that no phase-separation was observed in indi-
vidual, single crystalline particles of this size, it is present in the
coalescing (polycrystalline) ones. Obviously, the size of the coa-
lescing island as a whole determines the critical size, where phase-
separation starts. 4.
4. Evaluation and discussion of the results

The decomposition of Cu-Ag alloy films or nanoparticles is dis-
cussed in numerous works in terms of spinodal decomposition
[14,21,26]. Indeed, the metastable phase diagram contains the
chemical and coherent spinodals [13]. Accordingly, the decompo-
sition of an otherwise metastable solid solution can take place
either by equilibrium phase separation process through nucleation
or by spinodal process. However, as long as nucleation needs large
concentration fluctuations and activation to reach a critical size, the
spinodal process can proceed in infinitesimal steps spontaneously.

The spinodal character of the observed decomposition in our
Cu-Ag nanoparticles is supported by certain structural and
morphological characteristics. On one hand epitaxial relation of the
Cu-rich and Ag rich domains was observed (Figs. 2a, 3 and 7), which
is an important criterion of their formation by spinodal decompo-
sition, observed already for Cu-Ag thin films [14]. On the other
hand, variation in the lattice spacing difference in individual par-
ticles (Fig. 6) shows that the separation process reaches different
levels in them, proving that changes in composition occur gradu-
ally. This is, also suggesting the spinodal way of decomposition.
Another indication is the similarity in the size of Cu-, and Ag-rich
domains (Figs. 3a and 7), suggesting that the separation of com-
ponents takes place by the formation of compositional waves. The
observation of a critical particle size for starting the decomposition
equals to 5 nm, which enables hosting the critical wavelength for
spontaneously growing compositional fluctuations required for
spinodal decomposition. Consequently, it can be proposed, that the
main mechanism of phase-separation in these particles is spinodal
decomposition. This argumentation, however, leaves open the
question on composition dependence of the critical size for starting
decomposition in particles.

Kinetic Monte Carlo and kinetic mean field simulations carried
out in Refs. [27e29] for calculating compositional waves in a spi-
nodally decomposing slab of Cu-Ag alloy resulted in 5e6 nm
wavelength and practically perfect separation of the components.
In nano-particles of 30 at.% Ag (Fig. 3a) the wavelength of compo-
sitional waves (the size of Cu and Ag rich epitaxial domains) is
estimated to be around 5 nm suggesting that particles, hosting at
least one wavelength of compositional waves reach the instability
criterion and undergo spinodal decomposition. On the contrary, in
Ag-rich particles, at particle sizes up to 10 nm this instability cri-
terion is not fulfilled, the solid solution structure remains (meta)
stable (Fig. 3b).

The composition dependence of the critical size can be attrib-
uted both to energetic and kinetic factors. The driving force for
separation has its maximum at the composition corresponding to
40 at.% of Ag, where the free energy (Fig. 8a), the chemical and
coherent spinodal curves [13] also have their maximum. This sug-
gests faster decomposition in the Cu-rich region. An additional ef-
fect can be imposed by the dependence of the surface energy on
composition [30]. The dependence of diffusion coefficients on
composition [31], as well as the relation of surface and bulk diffu-
sion coefficients, can contribute to the kinetic factors influencing
phase separation. The kinetic factors can be estimated by the
temperature of the growing sample. A rough estimation of the in-
crease of the sample temperature due to impact by bombardment
and heat of condensation gives DT ¼ 20e50 �C. The sample is
supported by a Cu grid hold on a massive sample holder; conse-
quently the above numbers must be an upper limit of the tem-
perature increase of the sample during growth and should not
affect the growth kinetics substantially.

The composition dependence of the critical size can also be
attributed to the composition dependence of the critical wave-
length of spontaneously growing compositional oscillations.
Consequently, we can suppose that the critical wavelength of un-
stable (growing) compositional oscillations is larger in Ag rich alloy
particles than in Cu rich ones.

This argument also follows from the analysis of the electron
diffraction measurements made on Cu-Ag films of different
composition (Fig. 6 in Ref. [20]). There, the decomposing Cu-rich
samples show much broader 111 reflections than the Ag-rich
ones. This indicates a smaller size of coherently scattering do-
mains and consequently a smaller wavelength for concentration



Fig. 8. Homogeneous part of the Gibbs free fo energy (a) and critical wavelength lc in spinodal decomposition (b) versus composition in Cu-Ag system by eqs. (6) and (8). (T ¼ 873 K,
Tc ¼ 1053 K, a ¼ 0.4 nm). In (b) full dots mark experimental critical size, the open circle marks the estimated lower value of the critical size.
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oscillations in Cu-rich samples compared to Ag-rich ones.
To estimate how the critical wavelength (lc) in spinodal

decomposition depends on the composition, we have to solve the
Cahn-Hilliard equation [32].

vrA
vt

¼ ~D
v2rA
vx2

� 2~D
f 00

0
k
v4rA
vx4

(2)

where rA is the volume density of atoms A, t is the time, ~D is the
interdiffusion coefficient, x is the spatial coordinate, fo” is the second
derivative by composition of the Helmholz free energy of a unit
volume of homogeneous material and k is the gradient energy co-
efficient. The particular solution of Eq. (2) is rA(t)-ro ¼ A(t)sin(hx)
where h¼ 2p/l and A is the amplitude of concentration fluctuations
with a wavelength of l. r0 is the average composition. Substituting
this solution into Eq. (2), we arrive to the following expression:

R≡
d
dt

ln AðtÞ ¼ �~D

 
1þ 2kh2

f 00
0

!
h2 (3)

R is usually called as the amplification factor, the sign of which
shows if the amplitude A(t) of a concentration fluctuation with a
given wavelength (l) increases (R > 0) or decreases (R < 0) in time.
The critical wavelength lc is, therefore, determined by the R ¼ 0
condition:

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�8kp2

f
00
0

s
(4)

When the system is phase-separated into high and low
composition regions k ¼ x2kT[10], where k and T are Boltzmann's
constant and the absolute temperature, respectively, and x is the
length, scaling with the width of the interface. Furthermore,
x z 2d(Tc/Tc-T)

1/2[33], where d is the interatomic distance and Tc is
the maximum temperature of the miscibility gap (Tc ¼ 1053 K). In a
fcc lattice d2 ¼ a2/2, where a is the lattice parameter, therefore

kza2
2Tc

Tc � T
kT (5)

The Gibbs free energy density in the solid and homogeneous Ag-
Cu system can be described by the following polynomial [34]

f0 ¼ f0Agcþ f0Cuð1� cÞ þ kT ½c ln cþ ð1� cÞlnð1� cÞ� þ Vcð1� cÞ
þ V 0cð1� cÞð2c� 1Þ;

(6)

where f0Ag ¼ �11945 þ 9.67T, f0Cu ¼ �13054 þ 9.62T,
V ¼ 34532e9.178T, V’ ¼ -5996 þ 1.725T (in J/mol and J/molK units)
and c is the atomic fraction of Ag. By deriving Eq. (6) by c

f
00
0 ¼ kT

cð1� cÞ � 2V þ 6V 0ð1� 2cÞ: (7)

Substituting Eqs. (5) and (7) into Eq. (4), we get

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8
2 V
kT � 6 V 0

kT ð1� 2cÞ � 1
cð1�cÞ

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Tc

Tc � T

s
pa (8)

As an illustration, Fig. 8a shows fo the Helmholtz free energy in
kT units, and Fig. 8b shows lc as a function of composition. As can
be seen, the width of the miscibility gap is about 93% and the
minimum of lc is at about 6 nm at 30 at.% of Ag. With increasing Ag
content, however, lc increases more and more rapidly; tends to
infinity when approaching the spinodal composition (f

00
0¼0). In

Fig. 8b the measured critical sizes are also shown for 15 and 30 at.%
Ag content particles (full dots). At 60 at.% Ag content wemarked the
lower estimated value of the critical size (open circle). The exper-
imental points suggest that the real lc(c) curve, valid for nano-
particles, can be shifted to lower concentrations compared to the
calculated curve, accepting that the critical size ¼ lc(c). The reason
can be the size dependence of the free energy and/or segregation of
one of the components, affecting the free energy but also the
composition of particles in which the spinodal process is taking
place. Moreover, the calculated curve corresponds to Tc ¼ 1053 K
and T ¼ 873 K, substantially higher than the deposition tempera-
ture (300 K). These temperatures, however, can be validated by the
high energy of the impinging species from the plasma during
growth, heat of condensation of atomic species and small size of the
particles. They were used to match the lc(c) curve close to exper-
imental values and in some sense give an estimation of the effective
temperature of the particles what means about 500 K effective
temperature increase (in other words about 500 K decrease of their
melting temperature) [35].
5. Conclusions

Phase separation has been studied during growth of DC
magnetron sputtered Cu-Ag alloy nanoparticles. The spontaneous
formation of two phase nanoparticles depends on particle size and
composition.

Particles below 5 nm diameter grow as a solid solution of the
components for all measured compositions (15e80 at.% Ag). Phase-
separation occurs above 5 nm particle diameters in the 15 and
30 at.% Ag composition range. The separation into Cu-rich and Ag-
rich domains was revealed to take place by spinodal decomposi-
tion. Lattice parameter measurements in alloy particles of 30 at.%
Ag revealed that the miscibility gap in individual particles varies
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between 70 and 90 at.% the average being 85e89 at.%. Phase-
separation in particles undergoing incomplete coalescence occurs
even when the size of coalescing grains is below 5 nm.

In higher Ag content films (60e80 at.%) no phase-separation is
observed until coalescence sets in (about 10 nm of particle size).

The critical size of particles above which phase-separation takes
place is suggested to be connected to the composition-dependent
critical wavelength of fast-growing concentration fluctuations
(instability of the solid solution state). Calculation of the critical
wavelength and its composition dependence result in quantitative
estimation for the composition dependence of the critical size for
starting spinodal decomposition in Cu-Ag nanoparticles. It gives
6 nm for the critical size for 30 at.% Ag content particles and a size of
8 nm for 60 at.% of Ag. These sizes correspond fairly well to the
experimental results of 5 nm and >10 nm, respectively.
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