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Formation of ordered CoAl alloy clusters by the plasma-gas condensation
technique
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CoxAl12x alloy clusters were synthesized from a mixture of Co and Al metal vapors generated by
the sputtering of pure metal targets. We observed that the produced alloy clusters were uniform in
size, ranging from approximately 20 nm for Al-rich clusters to 10 nm for Co-rich clusters. For a
wide average composition range (x'0.4– 0.7), the alloy clusters have the orderedB2 ~CsCl-type!
structure. In the Co-rich cluster aggregates (x50.76), the clusters are composed of
face-centered-cubic~fcc! Co and minor CoAl(B2) clusters. In the Al-rich aggregates (x50.23), the
clusters are mainly composed of the fcc-Al phase, although clusters occasionally possess a
‘‘core-shell structure’’ with the CoAl(B2) phase surrounded by an Al-rich amorphous phase. These
observations are in general agreement with our prediction based on the equilibrium phase diagram.
We also noticed that the average composition depends not only on the relative amount of Co and Al
vapors, but also on their absolute amount, and even on the Ar gas flow rate, which promotes mixing
and cooling the two vapors. These findings show that the formation of alloy clusters in vapor phase
is strongly influenced by the kinetics of cluster formation, and is a competing process between the
approach to equilibrium and the quenching of the whole system. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1394918#
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I. INTRODUCTION

Nanostructurally tailored materials are expected to
come the basis of the infrastructure of next-generat
devices.1 A number of studies have reported that granu
solids and nanocrystalline materials exhibit fascinat
magnetic,2–4 transport,5,6 optical,7,8 and mechanica
properties.9,10 In these material designs, nanometer-siz
granules or clusters serve as elemental functional units. T
a key to the success of this technology is the ability to c
trol the structure and size of the clusters. We have rece
developed a plasma-gas condensation~PGC! type cluster
deposition apparatus, in which clusters, several nanome
to several ten of nanometers in diameter, can be formed
rectly from the metal vapors produced by the sputtering o
target material.11 Since this is a sputter-based vapor-pha
synthesis of clusters, a wide variety of elements can serv
source materials.12 Recently, it has been demonstrated th
the PGC technique allows the production of monodisp
sively sized metal clusters such as Cr, Co, and Ni.13–15

Although from an application point of view, the stab
formation of alloy clusters is highly desired, the formation
intermetallic alloy clusters by this method has not be
proved. The fact that sputtering can generate almost any
of metal vapors makes the PGC technique particularly att
tive. However, the synthesis of alloy clusters involves a nu

a!Electronic mail: tjkonno@imr.tohoku.ac.jp
b!Present address: Department of Physics, Carnegie-Mellon University, P

burgh, PA 15213.
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ber of difficulties that are not encountered in the formation
elemental metal clusters. For example, two kinds of me
vapors must collide with each other in the vapor phase, re
to form the alloy, cool sufficiently, and grow in the vapor
become clusters desirably uniform in size. This process
pends heavily on a number of processing parameters, suc
relative and absolute amounts of metal vapors, kinds of
rier gas, metal vapor mixing methods, and vapor cooling
the carrier gas, among others.

The formation of metal clusters by vapor-phase synthe
may be qualitatively understood by the traditional nucleat
and growth model.16 However, the validity of the assumptio
of dynamical equilibrium between the solid phase~cluster!
and the vapor~s! is not obvious. In other words, cluster fo
mation is likely to be dictated by the number of paramet
that are irreversible in nature. These include rapid quench
of the metal vapors by the Ar carrier gas and its flow ra
which must compete with the approach to the equilibrium

In this regard, achieving the synthesis of alloy cluste
that possess an ordered structure represents quite a chall
This article describes our attempt to produce uniformly siz
intermetallic alloy clusters in the vapor phase. We chose
Co–Al system because of the well-known stability of t
orderedB2 ~CsCl-type! structure.17,18 Our results show tha
the production of uniformly sized CoAl(B2) alloy clusters
depends not only on the relative amounts of source mater
but also on their absolute amounts, and other processing
ditions such as flow rate of the carrier gas.

ts-
9 © 2001 American Institute of Physics
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II. EXPERIMENTAL PROCEDURES

We used a magnetron sputtering system with Co and
targets 80 mm in diameter, controlled independently for
generation of metal vapors. The two targets were placed
to face, separated by 100 mm.13 The input power of each
target was controlled in the range of 100–300 W. A lar
amount of Ar gas of 200–400 standard cubic centimeters
minute ~sccm! was introduced continuously into the sputte
ing chamber, making the pressure inside the chamber
proximately 130 Pa. This unusually high Ar pressure restr
the glow discharge region to only several mm above e
target, allowing us to control the power of the targets ind
pendently despite the fact that the targets are placed fac
face for the different elements to mix effectively. The me
vapors thus generated were swept into the growth reg
~approximately 10 cm in length, set at the liquid-nitrog
temperature!, together with an Ar carrier gas through an a
erture 3.5 mm in diameter by a mechanical booster pu
There was also an aperture of the same size at the exit o
growth region. The clusters coming out of the aperture w
led to the deposition chamber~less than about 131022 Pa!
through two skimmers by differential pumping. The cluste
were finally deposited on carbon-coated colodion films s
ported by Cu grids at room temperature for transmiss

FIG. 1. ~a! Bright-field TEM image of CoAl alloy clusters with an averag
composition of 54 at. % Co. Ar gas flow rate: 300 sccm; sputtering pow
250 W for both Co and Al targets.~b! Corresponding electron diffraction
pattern. The arrowed rings are$100%, $111%, and $210%, and suggest the
formation of theB2~CsCl-type! structure.
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electron microscopy~TEM! observations. We used a Hitach
HF-2000 transmission electron microscope operating at
kV for structural characterization. This microscope w
equipped with x-ray energy-dispersive spectroscopy~EDS!,
which was used for compositional analyses. The zero-fie
cooled~ZFC! and field-cooled~FC! thermomagnetic curves
at magnetic fieldH of 100 Oe was measured for cluster a
gregates of 54 at. % Co by a superconducting quantum in
ference device magnetometer.

III. EXPERIMENTAL RESULTS

Figure 1~a! shows a bright-field~BF! TEM micrograph
of the clusters produced at the sputtering power of 250 W
Co and Al targets, and at an Ar gas flow rate of 300 scc
Figure 1~a! shows that the clusters are uniformly sized w
an average diameter of approximately 14 nm. The aver
composition of the cluster aggregates determined by E
was 54 at. % Co. Figure 1~b! is a corresponding electro
diffraction ~ED! pattern. The diffraction rings indicated b
the arrows can be indexed as$100%, $111%, and $210% of the
simple cubic structure, and show that the clusters posses
B2 ~CsCl! structure. The lattice constant obtained from t
ED pattern was 2.8560.02 Å, in agreement with the lattic
constant of CoAl(B2), 2.86 Å.

r:

FIG. 2. High-resolution TEM image of a CoAl cluster in the cluster agg
gate shown in Fig. 1. Note that this cluster has prominent$100% facets
together with minor$110% facets.

FIG. 3. Temperature dependence of the magnetization for the CoAl(B2)
cluster aggregates in the magnetic field of 100 Oe. The open circles ind
the field-cooled~FC! magnetization and the closed circles the zero-fie
cooled~ZFC! magnetization.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 4. Bright-field TEM images of CoAl alloy clusters, and electron d
fraction patterns~insets!. Ar gas flow rate: 300 sccm; sputtering power: A
target 100 W~fixed!, and Co target:~a! 100 W; ~b! 150 W; ~c! 170 W; ~d!
200 W; ~e! 250 W; and~f! 300 W.
loaded 25 Aug 2010 to 133.68.192.95. Redistribution subject to AIP licens
Figure 2 is a high-resolution TEM~HRTEM! micrograph
of a cluster found in the same specimen. As shown here,
cluster is composed of a single grain and has a fourfold
tational symmetry. The major and minor facets are of
$100% and$110% planes, respectively, and the cluster is like
to possess a three-dimensionally faceted shape.

The Co–Al phase diagram shows that the CoAl(B2)
phase has a wide nonstoichiometric range in the Co-rich
of the stoichiometric composition of 1:1.18 It is known that in
the Co-rich CoAl(B2) phase, the excess Co atoms occupy
sites, and bring in ferromagnetic coupling between the ne
est Co–Co atoms.19 Macroscopically, this magnetic orderin
appears as paramagnetic20–22 and spin-glass23 behaviors in
thermomagnetization curves.

Figure 3 shows the FC and ZFC curves obtained
CoAl(B2) cluster aggregates with an average composition
54 at. % Co. The magnetization is in the arbitrary unit sin
we were not able to measure the total weight of the clust
Nevertheless, the ZFC magnetization curve clearly sho
that this cluster assembly possesses the blocking temper
of approximately 170 K, as defined by the onset of irreve
ibility. This is in good agreement with the reported behav
of the susceptibility of Co-rich CoAl(B2) bulk materials,23

showing that the ferromagnetic coupling due to Co–
neighboring does exist in the vapor-synthesized CoAl(B2)
clusters. This observation indicates that the nearest neigh
of Co atoms in the clusters do not differ significantly fro
those in the bulk material, and suggests Co and Al ato
were mixed reasonably well during the cluster formation.

Figure 4 is a series of BF-TEM micrographs of the clu
ter aggregates prepared when the power of Al was fixed
100 W, while that of Co was varied from~a! 100 W, ~b! 150
W, ~c! 170 W,~d! 200 W,~e! 250 W, to~f! 300 W. The Ar gas
s
e

FIG. 5. Size distribution of the CoAl alloy cluster
shown in Fig. 4. Also indicated in the figures are th
average diameter and standard deviation.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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flow rate was 300 sccm for all cases. The inset ED pattern~a!
can be ascribed to the fcc-Al phase,~b!–~e! to the CoAl(B2)
phase, and~f! to the mixture of the fcc-Co phase and min
CoAl(B2) phase.

Figure 5 shows the size distribution, average diame
and standard deviation of the clusters shown in Fig. 4.
shown here, the cluster size becomes monodispersive
increasing the power of Co, with the average cluster size
approximately 12–13 nm.

The average composition of the same cluster aggrega
as determined from the EDS analysis, was 23, 37, 54, 58
and 76 at. % Co, respectively. These values were plotted
function of the normalized ratio of the sputtering power
the two targets in Fig. 6, which shows that the average c
position is a linear function of the ratio of the sputterin
power of the two targets.

Figure 7 shows the average composition of the clus
aggregates obtained when the sputtering powers of both
Co and Al targets were changed from 100 to 300 W and
ratio was fixed to 1:1. As shown here, the average comp
tion of the cluster aggregates changes even when the rat
the sputtering power remains constant, and it saturate
approximately 50 at. % Co as the power of both targets
creases.

Figure 8 shows the effect of the Ar gas flow rate on t
average composition of the cluster aggregates. The powe
Co and Al targets was fixed to 200 W, but the flow rate w

FIG. 6. Composition of the CoAl alloy clusters shown in Fig. 4 as a fu
tion of the normalized sputtering power ratio. Composition was obtained
EDS analysis, while the structure was determined from the diffraction
terns.

FIG. 7. Effect of total sputtering power on an average composition of C
cluster aggregates. This figure indicates that the composition of clu
becomes 1:1 when metal vapors of Co and Al are sufficiently supplied in
chamber.
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increased from 200 to 400 sccm. As Fig. 8 shows, the a
age composition was below 20 at. % Co when the Ar g
flow rate was 200 sccm, but when the flow rate was
creased to 300 sccm, it was close to 50 at. % Co. Thus,
average composition of the clusters depends not only on
relative amount of the power, but also on the absol
amount of the power and Ar gas flow rate.

Figure 9~a! shows a BF-TEM micrograph of a cluste
aggregate with the average composition of 18 at. % Co
this Al-rich cluster aggregate, we often found, among
uniformly contrasted clusters, a cluster with a strong contr
in its ‘‘core,’’ but a uniform gray contrast in its ‘‘shell.’’
Arrow A in Fig. 9~a! indicates one such cluster, while arro
B points to a uniformly contrasted cluster. Figure 9~b! is a
HRTEM micrograph of the core–shell cluster observed
the same aggregate. The lattice fringe 2.86 Å found in
core suggests that it is composed of theB2 structure. It
should be noted that we failed to detect any distinct latt
fringes from the shell of the same cluster. In fact, the ima
contrast in the shell suggests that the shell is composed o
amorphous phase. Figure 9~c! is a set of EDS profiles taken
from clusters A and B indicated in Fig. 9~a!. These profiles
show that the ‘‘average’’ composition of core–shell cluster
is 52 at. % Co while that of B is 19 at. %. These resu
especially the fact that the core–shell cluster is rich in C
support the view that the core of cluster A is made up of
B2 phase.

IV. DISCUSSION

We showed that monodispersive single-phase CoAl a
clusters with theB2 structure can be formed by vapor-pha
synthesis. TheB2 phase was found to dominate in clust
aggregates of approximately 40–70 at. % Co. We a
showed that the average composition of cluster aggreg
depends heavily on processing conditions; in fact, it is
function of not only the ratio of the sputtering powers of C
and Al targets, but also of other processing parameters, s
as total sputtering power and Ar gas flow rate.

The CoAl(B2) alloy clusters were uniform in size, an
grew to about 12–14 nm, often exhibiting a faceted sha
This implies that an alloy cluster can grow into the equili
rium shape24 provided there is a sufficient supply of constit
ents from the vapor. Moreover, the spin-glass behavior

-
y
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l
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FIG. 8. Effect of the Ar gas flow rate on the average composition of Co
cluster aggregates, showing that the mixing of the metal vapors by th
carrier gas is a prerequisite for the CoAl alloy formation.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 9. ~a! Bright-field TEM micrograph of CoAl alloy clusters of an average composition of 18 at. % Co. The cluster indicated by arrow A has a cor
structure, while the one indicated by arrow B shows a uniform gray contrast. Note that the core of the cluster has a faceted shape.~b! High-resolution TEM
micrograph of a cluster, found in the same cluster aggregates. The lattice fringe 2.86 Å suggests that the core is composed of the CoAl(B2) phase, while the
shell exhibits an amorphous structure.~c! and ~d! EDS profiles of the clusters indicated by arrows A and B, respectively, in~a!.
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served in 54 at. % Co cluster aggregates indicates
ferromagnetic interaction of Co atoms inside the CoAl(B2)
clusters, and shows that the clusters possess a defect s
ture similar to the Co-rich bulk CoAl(B2) materials. On the
other hand, the Co–Al phase diagram shows that Co at
can dissolve in theB2 phase only up to about 56 at. % Co
300 °C, while at 1200–1450 °C the orderedB2 phase can
exist in a wide composition range, i.e., about 46 at. % Co
more than 70 at. % Co.18 Therefore, the relatively wide com
position range for the CoAl(B2) clusters observed in th
present investigation indicates that cluster formation to
place at a relatively high temperature, and that the clus
are ‘‘quenched’’ into room temperature by collision with A
carrier gas. These apparently contradicting observations
gest that the formation of alloy clusters is a competing p
cess between the approach to equilibrium and the quenc
of the whole system.
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Yamamuro, Sumiyama, and Suzuki have demonstra
based on their vapor-phase synthesis of elemental Cr c
ters, that the prerequisites for uniformity of cluster size a
the limited nucleation period and growth afterwards, the t
being clearly separated.13 The uniformity of the CoAl(B2)
clusters shown in Fig. 1 suggests that the two kinds of m
vapors were sufficiently present and mixed so that they w
supersaturated against the formation of the CoAl(B2) phase.
Since the size of the clusters was uniform, and the struc
inside the cluster was also homogeneous, we may infer
the CoAl(B2) phase nucleated homogeneously in the A
cooled vapor phase.

We also observed that the absolute applied power of
Co and Al targets, together with the Ar gas flow rate, a
important processing factors for the stable production
CoAl(B2) clusters. The sputtering yields of Co and Al a
reported to be within 15% of each other, and they are ess
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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tially proportional to the applied power.25 We can, therefore
suggest that the effect of the absolute sputtering power i
increase the number density of the two kinds of metal
pors, thereby increasing the chance for them to collide
react. Once supersaturated, the large driving force for
formation of the CoAl(B2) phase~e.g., the heat of formation
DH° is about2110 kJ/mol CoAl from the solid Co and A
phases! favors the formation of this phase over the formati
of the elemental Al and Co phases.26 The latter phases ma
nucleate, but a large number of collisions~approximately
1.53105 Co and Al atoms are required to form a 15 nm dia
cluster! averages out the possibility of the growth of the
emental phases.

It was shown previously that for the formation of e
emental Cr clusters, an increase in Ar gas flow rate of up
1200 sccm resulted in the broadening of the cluster s
distribution.13 This is because the nucleation process is ‘‘c
ried away’’ to the growth region, thereby giving a chance
the clusters to nucleate continuously. In the present inve
gation, the decrease in Ar gas flow rate from 400 to 200 sc
resulted in the unexpected disappearance of CoAl clus
and the appearance of Al-rich clusters. This shows tha
certain flow rate of the carrier gas is necessary to mix the
kinds of metal vapors for the formation of alloy clusters.

When Co and Al vapors are not sufficiently mixed, w
initially assumed that the Co and Al clusters would for
separately when the ratio of the sputtering power was c
to 1:1. However, we noticed that the average composition
the cluster aggregates became Al-rich under these condi
despite the fact that the chamber was constructed in a
fectly symmetric configuration with respect to the Co and
source. This suggests that nucleation and growth are m
easier for Al clusters than for Co clusters, but we are s
unable to justify this large asymmetry in cluster formin
ability. A simple calculation of the free-energy change up
solidification suggests that the driving force will be large f
Co cluster formation. For example, the heat of format
DH° of Al and Co from the gaseous phase is about2330
and2430 kJ/mol for Al and Co, respectively~standard state
taken at 298 K!,26 while the classical collision model sug
gests that the cooling efficiency for Co vapor by Ar gas
only slightly smaller than for Al because of the small atom
mass difference, i.e., 27, 40, and 59, for Al, Ar, and C
respectively. These rather simplistic thermodynamical c
siderations suggest that the driving force for Co cluster f
mation should be larger than that for Al clusters, contrary
the experimental results described here. Thus, the asymm
is probably due to certain kinetic factors governing t
vapor-phase synthesis of the cluster formation.

The Co-rich cluster aggregates consist of fcc-Co clus
about 10 nm in diameter. Although hexagonal closed-pac
~hcp! Co is stable in bulk at room temperature,27 fine par-
ticles often exhibit fcc Co.28,29 Our previous observation o
pure Co clusters prepared using the same apparatus
showed that fcc Co is the major constituent when the dia
eter is less than 10 nm.14 In addition, the phase diagram
indicates that the solubility of Al in hcp Co at temperatur
below 400 °C is negligible, but up to 15 at. % of Al can b
dissolved in fcc Co at 1400 °C.18 Thus, if our clusters retain
loaded 25 Aug 2010 to 133.68.192.95. Redistribution subject to AIP licens
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their structure at a high temperature, as suggested by
wide composition range of the obtained CoAl(B2) clusters,
we may consider that the fcc-Co phase stabilized by the
dissolution was quenched at room temperature.

In the Al-rich region, the diffraction pattern of the cluste
aggregates showed that clusters are composed of the fc
phase; whereas close examination of individual clusters
vealed that some of the clusters are composed of a core
ing the CoAl(B2) phase and a shell that shows a contr
typical to an amorphous structure. Core–shell structures
have been found in the past are composed of metal core
oxide shell.30,31 We can suggest that the core–shell struct
was most likely brought about by a shortage of Co vapo
the CoAl(B2) phase was nucleated sporadically, but it cou
not grow continuously. The Al–Co phase diagram shows t
there are four intermetallic compounds with low solubility
the composition range of 18–28 at. % Co.18 Thus, we may
infer that the formation of these complex compounds w
suppressed due to rapid quenching in the vapor phase,
resulted in an Al-rich amorphous alloy, which heterog
neously nucleated on the CoAl(B2) core and grew.

To summarize, the present investigation showed that
formation of alloy clusters is a strong function of the exte
of the supersaturation and supercooling of metal vap
which varies locally inside the chamber and depends hea
on processing conditions. Thus, in order to produce al
clusters of uniform size and composition, a sufficient amo
of metal vapors must be supplied and mixed effectively. T
will result in the homogeneous nucleation and subsequ
growth of the CoAl(B2) clusters.

V. SUMMARY

We employed a plasma-gas aggregation technique
produce intermetallic CoAl alloy clusters. It was observ
experimentally that cluster formation is not only a functio
of the ratio of the vapors supplied, but also of their to
amount and the manner in which they mix and react. Wh
both Co and Al vapors were sufficiently supplied and mixe
uniformly sized CoAl clusters with theB2 structure were
obtained in the composition range of 37–67 at. % Co
range considerably wider than that expected from the e
librium phase diagram. In the Co-rich side, the fcc-Co ph
containing Al was formed. In the Al-rich side, the fcc-A
phase was the dominant constituent, with clusters havin
CoAl(B2) core surrounded by an amorphous phase be
frequently observed. These observations suggest that clu
formation in the vapor phase is a competing process betw
the approach to the equilibrium and the quenching of
whole system.
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