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The formation of alloy clusters using a plasma-gas-aggregation technique is described for Co-Al and
Co-Pt systems. This method employs two separate elemental sputtering sources and a growth
chamber. Metallic vapors generated were cooled rapidly in an Ar atmosphere, and grown into alloy
clusters. The composition of the clusters was controlled by adjusting the ratio of the applied
sputtering power. We found that B2-CoAl clusters of about 12 nm in diameter were formed for a
composition range wider than that predicted by the Co-Al phase diagram, and that high-temperature
fcc-CoPt clusters were formed in the Co-Pt system. These findings suggest the nonequilibrium
nature of the cluster formation. The size distribution of the clusters is highly monodispersive and
does not follow commonly observed log-normal distribution. These results were discussed from the
viewpoint of simple gas dynamics. We concluded that monomer absorption with discrete residence
time is the dominant mechanism for monodispersive alloy cluster formation, and that the contrasting
thermodynamical features between the Co-Al and Co-Pt systems are at the cause of the observed
difference in average cluster size. ©2002 American Vacuum Society.@DOI: 10.1116/1.1470518#
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I. INTRODUCTION

Reports on the production of small metallic particles
the gaseous phase date back a long time.1,2 The most well-
known method consists of the simple evaporation of a me
The evaporated metallic atoms are cooled in an inert
atmosphere by repeated collisions with a carrier gas, follo
ing which they grow into a cluster.3–6 This method of gen-
erating clusters is broadly known as the gas-aggrega
technique. Recently, methods, such as sputtering or lase
lation, have been employed as a source of metallic gas7–10

Irrespective of the metallic vapor generation method us
however, cluster formation is essentially an irreversible p
cess. Various experiments and discussions have focuse
how a cluster or a small particle nucleates and grows.11–14

For example, Katz discussed homogeneous nucleation f
a supersaturated vapor,15 while Granqvist and Buhrman ex
plained the emergence of the log-normal distribution~LND!,
as opposed to the normal Gaussian distribution, of part
sizes.16

Most of the systems examined so far, experimentally
theoretically, have been limited to the formation of organ
or pure metal clusters. Needless to say, however, whe
metal forms an alloy with another kind of metal, the stabil
of the alloy phase depends heavily on the kind of compo
formed. While elemental metal clusters17,18 and their
oxides19,20 have been widely studied, so far very little r
search has focused on the formation of alloy clusters by
gas aggregation technique. Yukawaet al. studied the forma-
tion of Cr-based alloy particles, which was mainly trigger
by the presence of metastabled-Cr ~A15-type in Structure

a!Current address: Department of Physics, Carnegie-Mellon Univer
Pittsburgh, PA 15213.
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Bericht notation!, and its extent when mixed with othe
metals.21

In addition to the scientific aspects of the formation
alloy clusters, clusters comprising intermetallic compoun
are of practical interest. For example, ferromagnetic al
clusters are expected to exhibit excellent magnetic prop
ties, such as large coercivity, because of the large magn
anisotropy and the small size of the particles.22,23 Further-
more, it should be mentioned that Wanget al. reported alloy
cluster formation in the Pt-Sn and Su-Sn systems by us
cold organic solvents for catalytic application. In this wa
they succeeded in kinetically controlling the size distributi
and surface ligation of the alloy clusters.24 In view of the
scientific and technological importance of such findings, f
ther studies on alloy cluster formation by the gas-aggrega
method need to be carried out.

In the present investigation, we compared the alloy for
ing behaviors in the Co-Al and Co-Pt binary systems.25,26

These two systems were selected because they posse
intermetallic compound phase near the composition rang
Co:M51:1 ~M5Al or Pt!.27,28 Furthermore, the free energ
change,DG, upon the formation of the CoAl phase~B2! is
much larger than that of CoPt (L10),29 thus allowing us to
examine the effect of the stability of the alloy phase on
kinetics of cluster formation. Table I summarizes some of
contrasting features between the two intermetallic alloys.
perimentally, the relative and absolute amount of two kin
of metallic vapors cannot be controlled easily with conve
tional evaporation methods that rely on the temperature
crucibles to generate individual metallic vapors. Moreov
the drawback of a sputter-based method employing a sin
alloy target is that it involves cumbersome preparation
alloy materials, which are often difficult to process mecha

y,
83402Õ20„3…Õ834Õ9Õ$19.00 ©2002 American Vacuum Society
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TABLE I. Structure and heat of formation of CoM~M5Al or Pt! intermetallic compounds.

Structure
Lattice constant

~Refs. 27 and 28! ~Å!
Heat of formation for

CoM ~M5Al, Pt! ~Ref. 29! ~kJ/mol!
Maximum temperature

for CoM ~°C!

CoAl B2 a52.86 260 1645
CoPt L10 a53.79,c53.69 214 825
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cally. We thus employed a two-target sputtering system
order to generate and control independently the amount
Co and Al ~or Pt! metallic vapors. It was not immediatel
obvious with this method, however, that the two kinds
metal vapors generated from the two sources placed a
~about 10 cm! could actually mix, react, and form an alloy i
a gas phase. Our results indicate that it is indeed possib
fabricate monodispersive alloy clusters this way for a re
tively wide composition range in a controlled manner, a
that the size, composition, and product phases dep
heavily on the thermodynamical aspect of the alloy syste

II. EXPERIMENTAL PROCEDURE

Figure 1 depicts an experimental setup for cluster form
tion using the sputter-based gas-aggregation technique10,30

We used two independently powered sputtering targets
the generation of pure metal vapors. The two targets w
placed face to face, 10 cm apart, and the input power of e
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, raising the pressure inside the chamber to
proximately 130 Pa. This unusually high Ar pressure
stricted the glow discharge region to only a few millimete
above each target, allowing independent control over
power of the targets despite the fact that these were pla
face to face. One of the advantages of this configuratio
that the different elements can mix effectively. During sp
tering, the applied voltage remained constant at appr
tronics and Nanometer Structures
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mately 300 V for each target, irrespective of the appli
power: it is the current, within a range of about 0.33–1
that changes according to the applied power. It should
emphasized here that the sputter yield ratio of Al to Co
approximately 0.86, while that of Pt to Co is approximate
1.14~Table II!.31 Thus, the same amount of power applied
Al or Pt should result in different amounts of metal vapo
i.e., the amount of Pt vapor should be larger than that of
produced under the same conditions. Table II also sho
mass and energy transfer function~for collision with Ar! of
the elements involved. The latter is given by

4mArmM/~mAr1mM!2, ~1!

wheremAr and mM are the mass of Ar and colliding atom
~Co, Al, Pt, or Ar!, respectively.32 The metal vapors thus
generated were swept into the growth region~approximately
5 cm in diameter and 20 cm in length, set at the liquid nit
gen temperature!, with an Ar carrier gas. There was also a
aperture of the same size at the exit of the growth regi
The clusters coming out of the aperture were led to the de
sition chamber, which was kept below 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
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.
n
,
ts
d

y
-

FIG. 1. Schematic drawing of the
chamber for the preparation of alloy
clusters: the plasma-gas-aggregatio
system. Two kinds of metallic vapors
generated by sputtering the targe
placed face-to-face, are mixed an
cooled, giving rise to uniformly sized
alloy clusters. They are transported b
an Ar carrier gas through two skim
mers by differential pumping, and fi-
nally deposited on a substrate.~TMP:
turbo-molecular pump; MBP: me-
chanical booster pump.!
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III. EXPERIMENTAL RESULTS

A. Cluster size distribution

Figure 2 shows bright-field TEM micrographs of~a!–~c!
Co-Al and~d!–~e! Co-Pt clusters. In this particular series
experiments, the sputtering power of Al~or Pt! was fixed to
100 W, while that the Co target varied from 100, 200, a
300 W at a fixed Ar gas flow rate of 300 sccm. As seen,
size of the produced clusters is uniform in each conditi
but the average size, which ranges from 5 to 20 nm in dia
eter, depends heavily on the alloy system and applied po
of the Co target.

Figure 3 shows the size distribution of~a!–~e! Co-Al and
~f!–~j! Co-Pt clusters prepared under various conditions
cluding those shown in Fig. 2. For each condition, more th
100 clusters were randomly selected to obtain the distr
tion. ~Overlapping images of clusters were rejected from
selections.! As can be seen, except for~a! and~b!, the distri-
butions do not follow LND, but the normal Gaussian dist
bution with a small standard deviations, and thus may be
called monodispersive. We also observe a general tr
where Co-Al clusters are larger than Co-Pt clusters. In ad
tion, the average size of the Co-Al clusters decreases
the sputtering power of Co, while the opposite occurs for
Co-Pt clusters.

Figure 4 summarizes the average composition of the c
ters determined by EDS analysis. The electron beam
spread with a diameter of more than 500 nm, and thus
values in the figure represent the average composition of
cluster aggregates. We also measured the composition o
dividual clusters, and found that, except for Al-ric
clusters,33 the composition of each cluster did not vary b
more than 5%, corresponding to the experimental error m
gin of EDS. As shown, the composition of the clusters can
controlled easily by changing the relative power of the t
targets. As expected, the Co content of the clusters incre
as the applied power to the Co target increased. Contrar
our expectations, however, the Co-Pt alloy clusters w
richer in Co than the corresponding Co-Al alloy clusters p
duced under the same conditions, despite the fact that
sputtering yield of Pt was greater than that of Al. It was a
found that the average composition was a strong function
another processing parameter: Ar gas flow rate. We fo
that increasing the rate from 300 to 500 sccm resulted
Co-Pt clusters that are rich in Pt, as indicated by the cros
in the figure. These observations suggest that both ther
dynamics and kinetics of cluster formation plays an imp

TABLE II. Mass, sputtering yield, and energy transfer function with the c
lision of Ar for Co, Al, Pt, and Ar.

Mass
Sputtering yield

~by Ar ion! ~Ref. 31!
Energy transfer function

~against Ar!

Co 58.9 1.22 0.963
Al 27.0 1.05 0.963
Pt 195.1 1.40 0.564
Ar 39.9 1
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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tant role in determining the composition of the produc
cluster aggregates.

B. Structure of clusters

Figure 5 shows typical electron diffraction~ED! patterns
of the cluster aggregates in Co-Al@~a!–~c!# and Co~Pt! @~d!–
~f!# systems. The diffraction rings in the ED pattern~a! taken
for Co:Al523.77 can be indexed as those for the fcc-
phase witha54.05 Å. On the other hand, the diffractio
rings indicated by the arrowheads in the ED pattern~b! can
be indexed as$100%, $111%, and$210% of simple cubic struc-
ture, and show that the clusters with the composition
Co:Al554.46 possess the B2~CsCl! structure. The lattice
constant obtained from the ED pattern was 2.8560.02 Å, in
agreement with the lattice constant of the CoAl~B2! phase,
2.86 Å.27 As the Co content of the cluster aggregates
creases in the Co-Al system, the ED patterns suggest tha
clusters begin to assume the fcc-Co phase, in which A
presumably dissolved. Figure 4~c! is the ED pattern taken fo
Co:Al576.24. Here, the rings can be identified as aris
from the B2~CsCl! structure, as well as from the fcc-C

FIG. 2. Bright field TEM micrographs of alloy clusters, produced with t
following condition: Ar gas flow rate: 300 sccm~fixed!; ~a!, ~b!, and ~c!
Co-Al system with sputtering power of Co (SPCo)5100, 200, and 300 W,
respectively, and SPAl5100 W ~fixed!; ~d!, ~e!, and ~f! Co-Pt system with
SPCo5100, 200, and 300 W, respectively, and SPPt5100 W ~fixed!.
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FIG. 3. Size distribution of alloy clus-
ters. Ar gas flow rate: 300 sccm.~a!–
~e! Co-Al system;~f!–~j! Co-Pt sys-
tem. SPAl5SPPt5100 W~fixed!, while
SPCo was varied as indicated.d: aver-
age diameter;s: standard deviation as
defined for the normal Gaussian distr
bution, Eq. ~3!. Approximately 100
clusters were randomly sampled fo
each condition.
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phase witha53.54 Å. This shows that in the Co-rich regio
the clusters form a two-phase comprising the CoAl~B2!
phase and the fcc-Co phase.

Figures 5~d! and 5~e! are the ED patterns of cluster ag
gregates with Co:Pt538.62 and Co:Pt564:36, respectively.
These ED patterns are typical of the fcc structure and sh
that the clusters possess the fcc-Co phase, in which P
dissolved. No intermetallic phase, such as the L10-type that
exists in the equilibrium phase diagram, was observed.
the other hand, the diffraction rings in the ED pattern sho
in Fig. 4~f!, which was taken from the Co:Pt579:21 cluster
aggregates, cannot be indexed as arising from the fcc
phase, but rather from the hexagonal close-packed~hcp! Co
phase. This observation shows the hcp-Co is stabilized by
incorporation of Pt atoms, in agreement with the behav
reported in the literature.34

Figure 6 summarizes the size and structure of the Co
and Co-Pt alloy clusters as a function of their Co conten
JVST B - Microelectronics and Nanometer Structures
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The clusters were produced under the following conditio
Ar flow rate was fixed at 300 sccm; sputtering power of
~or Pt! was fixed at 100 W; sputtering power of Co wa
varied from 100 to 300 W. As shown here, the size of t
Co-Al alloy clusters is generally larger than that of the Co
alloy clusters despite the fact that the sputtering conditi
are almost the same. In addition to the large asymmetry
the average size between the two alloy systems, we note
the observed phase in both systems differs from that
pected from the respective equilibrium phase diagrams.
example, the Co-Al phase diagram shows that Co atoms
dissolve in the B2 phase only up to about 56 at %-Co
300 °C, while at 1200– 1450 °C the ordered B2 phase
exist in a wide composition range, i.e., about 46 at %-Co
more than 70 at %-Co.25 Thus, the composition range i
which the B2 structure is found in the present article cor
sponds to a state at a high temperature. Likewise, the C
phase diagram shows that the L10 phase is stable below
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FIG. 4. Average composition of clusters as a function of SPCo, with SPAl

5SPPt5100 W ~fixed!, showing that the Co contents of clusters increa
with increasing SPCo. Note, however, that the Co-Pt clusters become ric
in Co than the corresponding Co-Al clusters produced under the iden
conditions, despite the fact that the sputtering yield of Pt is larger than
of Al. Increasing the Ar gas flow rate from 300 to 500 sccm suppresses
Co content of the Co-Pt clusters.

FIG. 5. Electron diffraction patterns of alloy clusters with the average co
position of ~a! Co23Al77, ~b! Co54Al46, ~c! Co76Al24, ~d! Co41Pt59, ~e!
Co69Pt31, and~f! Co80Pt20. In the Co-Al system, diffraction rings indicate
by the arrowheads in~b! suggests the formation of intermetallic CoAl com
pound~B2 structure!, while the diffraction rings of the Al-rich~a! and Co-
rich ~c! clusters are dominated by the fcc Al and fcc Co phase, respectiv
In the Co-Pt system, diffraction rings in~d! and~e! can be identified as those
of the fcc Co phase, while the rings in~f! suggests the formation of hcp C
phase.
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
825 °C, and above this temperature the fcc-~Co,Pt! solid so-
lution is expected.26 Thus once again, the phase observed
the Co-Pt alloy clusters represents a state at a high temp
ture, even though the clusters were deposited at room t
perature.

IV. DISCUSSION

A. General remarks

We have demonstrated that alloy clusters can be form
using the gas-aggregation technique, and that the use of
separate sputtering targets as sources of metal vapors
control the composition of the produced clusters. The adv
tages of this method over a conventional evaporation te
nique include~i! ease of obtaining a wide range of materia
vapors of a substance with a high melting point, e.g., refr
tory metals, and even carbon vapors, can be generated~ii !
ease of controlling composition: the amount of a vapor
basically proportional to the amount of power applied to t
target, and~iii ! reproducibility: unlike conventional evapora
tion techniques, where the amount of a metal vapor i
sensitive function of the crucible temperature and the amo
of materials inside the crucible, source materials are pra
cally unlimited with sputter-based gas-aggregation te
niques, and operational simplicity ensures reproducibility

On the other hand, this technique does not change
basic processes of cluster formation in the gas phase. It i
irreversible reaction, and the resultant clusters are often
metastable state. In our experiment, B2-typye Co-Al al
clusters were observed in a composition range wider t
that predicted by the phase diagram; the Co-Pt alloy p
sessed the fcc structure. These findings may be compa
for example, to the well-known occurrence of the A15 stru
ture in Cr clusters produced by conventional gas-aggrega
techniques.35 In addition to the non-equilibrium aspect of th
cluster-forming process, size is also a factor pertinent to c
ters. Their small size, and consequently large surface
volume ratio, may explain their different structure from the
bulk counterparts. At present, we cannot clearly show

s
r
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at
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FIG. 6. Size~average diameter and standard deviation! of Co-Al and Co-Pt
alloy clusters and their structure as a function of Co contents.
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what degree the structure of the clusters were affected by
rapid quenching and by the smallness of their size. Bel
we will briefly discuss the mechanism of alloy cluster form
tion based on a semiquantitative description of gas dynam
and show the main cause of the observed differences
tween CoAl and CoPt clusters. For the sake of simplicity,
will focus on a cluster with a composition ratio of approx
mately Co:M51:1.

We have seen that the size of the CoM~M5Al or Pt!
alloy clusters at Co:M51:1 composition is about 12 and
nm in diameter for Co-Al and Co-Pt systems, respective
Knowing that they are made up with B2 (a52.86 Å!27 and
Al ~i.e., fcc; a53.54 Å! phases,28 respectively, we can esti
mate the number of atoms in these clusters. There are a
43104 Co and Al atoms in the former, and 83103 Co and Pt
atoms in the latter. Thus, Co and M~Al or Pt! atoms were
ejected from the targets, reacted in the gas phase, ou
which the aforementioned numbers of atoms formed an a
cluster resulting in a monodispersive size distribution.

B. Departure of cluster size distribution from LND

We first note that the size of alloy clusters does not foll
LND, f LN(x), which is commonly known to occur for a
number of small particle systems15,36

f LN~x!5
1

A2p ln s
expH 2

1

2
S ln x2 ln x̄

ln s
D 2J ~2!

but obey the normal Gaussian distribution,f G(x):

f G~x!5
1

A2p s
expH 2

1

2 S x2 x̄

s D 2J , ~3!

where x̄ and s are the mean value and standard deviati
respectively. Some of the differences and similarities in
appearance of the two distribution functions is briefly d
cussed in the Appendix.

In the statistical theory of coalescence, LND arises wh
particles or clusters are formed by a certain number of r
dom collisions and coalescences, in which the increas
volume is randomly distributed. This assumption of the ra
dom fractional increase in volume after collision, when t
central limit theorem is applied, leads to LND.16,36Thus, the
observed departure from LND as observed in Figs. 3~c!–3~j!
strongly suggests that coalescence is not a dominant me
nism for cluster growth. In fact, Hihara and Sumiyama, in
study of Ni cluster formation, pointed out that collision co
lescence does not explain a highly monodispersed clu
size distribution, and suggested monomer absorption sh
be the dominant mechanism.37 They also suggested that clu
ters should be extracted from the growth chamber be
they collide with each other.

Within the framework of monomer absorption, LND ca
take place if we assume that the growth rate is proportio
to the volume of a cluster,n. Namely,

dn/dt5Kn, ~4!

whereK is a kinetic constant. This leads to
JVST B - Microelectronics and Nanometer Structures
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t51/K ln n1const. ~5!

If we now assume that the number of particles nucleated
particular timet obeys Gaussian distribution, we will obtai
LND.38 This assumption is applicable when particles a
formed in a stationary environment, such as colloid form
tion in a liquid phase or formation of small particles in
stagnant gas phase. In our case, clusters are formed
flowing gas in a discrete time period, and thus, the assu
tion of Gaussian distribution for each cluster’s history is n
fulfilled. On the other hand, the size distribution of cluste
rich in Al @Figs. 3~a! and 3~b!# do follow LND, as character-
ized by the long tail beyond the average value. This is pa
due to heterogeneous structures of Al-rich clusters brou
about by an excessive Al gas, which disturbed the condit
of the discrete lifetime of clusters, and was discuss
separately.33

In short, LND arises either when clusters are formed b
discrete number of collisions with a random selection of
fractional volume increase in each coalescence even
when clusters are formed by monomer absorption with a r
domly distributed time period from the incipiency of eac
cluster. The fact that the observed cluster size distribution
the present article does not follow LND strongly sugge
that these two mechanisms are not operational in the pre
method, but that the alloy clusters were formed by a subs
tially different mechanism. In view of these consideration
we will restrict the following qualitative discussion of allo
cluster formation to the framework of a monomer absorpt
mechanism with a discrete~not a Gaussian! distribution of
time for growth.

C. Estimation of the number of collisions of metal
atoms

First, the basic parameters that characterize a vapor p
must be identified. These include number density of ArnAr ;
collision frequency of atomsf; residence timet, and rough
estimate of throughput of Ar gasQAr , and metal vaporQM .
Since the sputtering was carried out in an Ar atmosphere
approximately 130 Pa at room temperature, we have

nAr'3.531016 ~cm23!. ~6!

The average velocityc and mean-free-pathl are 3.93102

m/s and 80mm, respectively.32 Thus, the collision frequency
is given by

f 5c/l553106 ~s21!. ~7!

The residence time of an atom inside the chamber be
it is escaped out of the growth region is given by

t5pV/~QAr1QM!'pV/QAr , ~8!

wherep is the pressure inside the chamber,V the volume of
the chamber,QAr the throughput~flow rate! of the gas
~which is much larger thanQM). With p5130 Pa,V59
3103 cm3, Q5300 sccm we have

t'2.4 s. ~9!
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We then need to estimate the relative amount of m
vapors inside the chamber. This can be done once we d
mine the sputtering yield of the metals. The values for 5
eV Ar ions are given in Table II. In our experiment, th
applied voltage was about 300 V, and thus, the energy of1

was approximately 300 eV. Since this is larger than
threshold energy and given that the sputtering yield tend
increase with incident energy in this energy range,39 we may
determine that the sputtering yield is in the order of 0
atoms/ion. As a typical value for the applied current,I, we
may setI'0.5 A. Neglecting the effect of secondary electr
production on the target, we may use this number as t
Ar1 flux on the 7-cm-diam target to make a rough estim
tion. Then, the number of metal atoms ‘‘injected’’ inside t
chamber is approximately

QM'53107 s21. ~10!

This is the ‘‘throughput’’ of the metal vapor.
ComparingQM with QAr , we now know that the ratio o

metal atoms to Ar atomsu is approximately

u'QM /QAr'531023. ~11!

That is, approximately one out of hundreds of atoms in
gas is either Co or M~Al or Pt! atoms.u can also be regarde
as the average probability of any atom meeting a meta
atom inside the chamber. It should be emphasized, howe
that this value will be larger near the targets, and will d
crease rapidly as the clusters grow.

These considerations suggest that each metal atom
lides with hundreds of Ar atoms before it meets the same
other kinds of metal atoms. Even though the cooling e
ciency of Al and Pt is different by a factor of two~Table II!,
it is reasonable to assume that these metals are therma
quickly by the collisions with Ar atoms before they me
with another metal. In other words, we may, for the purpo
of the present estimation, presume that the Ar atmosph
acts as a heat reservoir.

Next, we need to estimate the total number of collisio
NC between the metals before they are ejected from
growth region. This is in principle the product of the res
dence time and collision frequency with a metal~the latter is
given byu3f):

NC't3u3f'63104. ~12!

We therefore see thatNC is in the same order as the num
ber of atoms in CoAl. Needless to say, this is a very rou
estimate since the density of metal vapors decreases ra
as the cluster grows inside the vapor phase. But this is
tially compensated by the increase of cross sections for each
collision sinces varies as

s'r 2'N2/3, ~13!

wherer is the radius andN is the total number of atoms o
the cluster.32
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D. Estimation of the sticking probability in Co-Al
and Co-Pt systems

The above simple observation suggests that the numbe
collisions of metals in Co-Al and Co-Pt systems does
differ appreciably. This leads us to conclude that the o
served size difference arises because the probability of
metal atoms arriving on a growing cluster staying there, i
sticking probability, differs appreciably between the two sy
tems. In other words, CoPt is smaller than CoAl since
metal atom detaches from the cluster due to its low driv
force for compound formation.

Provided that there is a sufficient number of collisio
with Ar atoms, as discussed previously, we may assume
the atoms and growing clusters are in equilibrium with t
heat reservoir. Thus, we may write

Co1M5CoM, DG0
CoM, ~14!

whereDG0
CoM is the standard free-energy change upon

formation of the compound phase, CoM. The equilibriu
constantkCoM is given by

kCoM5pCoM/~pCopM!5exp~2DG0
CoM/RT!, ~15!

wherep denotes the partial pressure. In the present arti
we are interested in the ratio of the equilibrium constant
the Co-Al and Co-Pt systems.

For that purpose, we can neglect the effect of the entr
changeDS, because it comprises mostly the change fro
gaseous to solid state, which is in the same order for b
Co-Al and Co-Pt systems. With the enthalpy change ta
lated in Table I, we obtain, atT520 °C:

kCoAl'exp~2DHCoAl /RT!'331010, ~16a!

kCoPt'exp~2DHCoPt/RT!'13101. ~16b!

These are thermodynamical numbers that have significa
only when a dynamical equilibrium between the left- a
right-hand sides of the reaction equation exists. However,
may use the ratio of these values as a relative probability
the reaction to proceed towards the right-hand side of
equation. We see that Co and Al have a much larger pr
ability of forming CoAl than Co and Pt do once they meet.
other words, Co and Pt may detach or reevaporate fr
Co-Pt alloy clusters, giving rise to a slow growth rate.

It should be emphasized here that the aforementioned
dimentary thermodynamical arguments only compare
relative stability of CoAl with that of CoPt. In this naive
treatment, it is doubtful that the dynamical equilibria b
tween the elemental metallic gas and clusters, as expre
by Eqs.~16a! and~16b!, exist at room temperature. We ma
suggest however that, in the pioneering work by Riley9 and
Parkset al.,40 it was demonstrated that phase equilibria
exist in the adsorption reactions between Ni and N2 mol-
ecules in the temperature range of2122 to 50 °C, as ap-
peared as a plateau in the composition-pressure curve fo2

uptake by Ni clusters.41 The systems investigated here we
metallic, and thus may not be compared directly with t
results obtained for the adsorption reaction. Yet the obser
significant difference in the average size of the CoAl a



tio

o

in

he
a

te
y
t
lu

sy
a

rc
-
n
w
n
ts
th
e
se
re
b
e
ta
o
i

ug
ta
til
e

io
d

e

t.
di
in
c

ch
e

till

in-
ot
be-
ci-

on,

ys.

J. P.

ol.

ev.

R.

a-

841 Konno, Yamamuro, and Sumiyama: Comparative study on alloy cluster formation 841
CoPt particles do suggest that the probability of a reac
going toward the right-hand side of Eq.~14! in the gas phase
is strongly influenced by the thermodynamical character
the system.

Overall, our results indicate that it is possible to obta
monodispersive alloy clusters~as opposed to LND! from two
separate elemental sputtering sources, provided that t
metallic vapors can meet and be cooled effectively in a g
eous phase, and have a discrete residence time inside
chamber. The resultant clusters, however, are not in a sta
free-energy minimum. Yet it was shown that the thermod
namical property of the alloy system influences the grow
rate, and thereby, the average size of the produced alloy c
ters.

V. CONCLUSIONS

We employed a plasma-gas-aggregation technique to
thesize Co-Al and Co-Pt alloy clusters. Our apparatus w
characterized by two separate elemental sputtering sou
high-Ar pressure~'130 Pa!, and a growth region. The com
position of the alloy clusters could easily be controlled, a
their size distribution was found to be monodispersive. Ho
ever, the composition and size of the clusters are
uniquely functions of the power supplied to the two targe
but they also depend critically on the thermodynamics of
system, as well as on kinetic factors such as the flow rat
the carrier gas. Thus, in the Co-Al system, monodisper
intermetallic alloy clusters of CoAl with B2 structure we
formed for a composition range wider than that predicted
the equilibrium phase diagram; whereas in the Co-Pt syst
CoPt alloy clusters formed the fcc phase, which is a me
stable phase at room temperature. The average size of C
was about 12 nm, while that of CoPt was about 7 nm
diameter under identical conditions. Therefore, even tho
the alloys formed in the gaseous phase are in a metas
state, the thermodynamical properties of the system are s
dominant factor governing their growth rate, and thus th
size.
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APPENDIX

The log-normal distribution function~LND!, f LN(x), can
be distinguished from the normal Gaussian function,f G(x),
by its asymmetric shape, i.e., by a long tail in the largex
region. From a viewpoint of cluster growth, this is a cons
quence of either~i! statistical theory of coalescence, or~ii !
volume-dependent growth rate, as discussed in the tex
Fig. 7, we can compare these two functions for several
ferent standard deviations values. Besides the asymmetry
LND when s is large, it can be noticed that these two fun
tions are practically indistinguishable whens approaches to
a small value, as can be seen fromf LN(x) with s51.08. If
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this happens, it is no longer physically desirable to call su
a distribution LND, and we lose physical footings for th
aforementioned models for LND, even though it may s
mathematically be LND.

The corollary of this argument is that one should not
voke LND when a size distribution in question does n
demonstrate asymmetry, as characterized by a long tail
yond the average value within a given experimental pre
sion. This was seen in the distributions in Figs. 3~c!–3~j!,
and they should be fitted by the normal Gaussian functi
not by LND.

1A. H. Pfund, Phys. Rev.35, 1434~1930!.
2L. Harris, D. Jeffries, and B. M. Siegel, J. Appl. Phys.19, 791 ~1948!.
3K. Kimoto, Y. Kamiya, M. Nonoyama, and R. Uyeda, Jpn. J. Appl. Ph
2, 702 ~1963!.

4J. D. Eversole and H. P. Broida, J. Appl. Phys.45, 596 ~1974!.
5C. Hayashi, J. Vac. Sci. Technol. A5, 1375~1987!.
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