Comparative study on alloy cluster formation in Co-Al and Co-Pt systems
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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. @02 American Vacuum SocietyDOI: 10.1116/1.1470518

I. INTRODUCTION Bericht notation, and its extent when mixed with other
metals??

Reports on the production of small metallic particles in -, addition to the scientific aspects of the formation of

the gaseous phase _date back a long tim@he most well- r’:\lloy clusters, clusters comprising intermetallic compounds
known method consists of the simple evaporation of a metal, . . .
are of practical interest. For example, ferromagnetic alloy

The evaporated metallic atoms are cooled in an inert gas L )
Clusters are expected to exhibit excellent magnetic proper-

atmosphere by repeated collisions with a carrier gas, foIIowfies such as large coercivity. because of the large magnetic
ing which they grow into a clustér.® This method of gen- : g Y, 9 9

; ; ;42,23
erating clusters is broadly known as the gas-aggrega’tioﬁwso'{rOpy and the small size of the particles? Further-

technique. Recently, methods, such as sputtering or laser aBlore: it should be mentioned that Waegal. reported alloy

lation, have been employed as a source of metallic’g¥s. cluster formation in the Pt-Sn and Su-Sn systems by using

Irrespective of the metallic vapor generation method useQCOId organic solvents for catalytic application. In this way,

however, cluster formation is essentially an irreversible pro_t’hey succeeded in kinetically controlling the size distribution
d surface ligation of the alloy clustéfsin view of the

cess. Various experiments and discussions have focused 89 SU! i e
how a cluster or a small particle nucleates and grow¥ scientific and technological importance of such findings, fur-

For example, Katz discussed homogeneous nucleation froffier studies on alloy cluster formation by the gas-aggregation
a supersaturated vapGrwhile Grangvist and Buhrman ex- Method need to be carried out.

plained the emergence of the log-normal distribubND), N the present investigation, we compared the alloy form-
as opposed to the normal Gaussian distribution, of particlénd behaviors in the Co-Al and Co-Pt binary systeh®
sizes!® These two systems were selected because they possess an

Most of the systems examined so far, experimentally ointermetallic compound phase near the composition range of
theoretically, have been limited to the formation of organicCo:M=1:1 (M=Al or Pt).?"?® Furthermore, the free energy
or pure metal clusters. Needless to say, however, when ehange AG, upon the formation of the CoAl pha¢B?2) is
metal forms an alloy with another kind of metal, the stability much larger than that of CoPt (L)1 thus allowing us to
of the alloy phase depends heavily on the kind of compoun@xamine the effect of the stability of the alloy phase on the
formed. While elemental metal clustét$® and their kinetics of cluster formation. Table | summarizes some of the
oxides%2% have been widely studied, so far very little re- contrasting features between the two intermetallic alloys. Ex-
search has focused on the formation of alloy clusters by theerimentally, the relative and absolute amount of two kinds
gas aggregation technique. Yukaetal. studied the forma- of metallic vapors cannot be controlled easily with conven-
tion of Cr-based alloy particles, which was mainly triggeredtional evaporation methods that rely on the temperature of
by the presence of metastab$Cr (A15-type in Structure crucibles to generate individual metallic vapors. Moreover,
the drawback of a sputter-based method employing a single

aCurrent address: Department of Physics, Carnegie-Mellon University@!/0Y target_ IS that_ it involves Cgmbersome preparation Qf
Pittsburgh, PA 15213, alloy materials, which are often difficult to process mechani-
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TaBLE I. Structure and heat of formation of ColW=Al or Pt) intermetallic compounds.

Lattice constant Heat of formation for Maximum temperature
Structure (Refs. 27 and 28(A) CoM (M=Al, Pt) (Ref. 29 (kJ/mo) for CoM (°C)
CoAl B2 a=2.86 -60 1645
CoPt LY a=3.79,c=3.69 -14 825

cally. We thus employed a two-target sputtering system irmately 300 V for each target, irrespective of the applied
order to generate and control independently the amounts gfower: it is the current, within a range of about 0.33-1 A,
Co and Al (or PY metallic vapors. It was not immediately that changes according to the applied power. It should be
obvious with this method, however, that the two kinds ofemphasized here that the sputter yield ratio of Al to Co is
metal vapors generated from the two sources placed apaapproximately 0.86, while that of Pt to Co is approximately
(about 10 ccould actually mix, react, and form an alloy in 1.14(Table 11).3! Thus, the same amount of power applied to
a gas phase. Our results indicate that it is indeed possible #l or Pt should result in different amounts of metal vapors,
fabricate monodispersive alloy clusters this way for a relai.e., the amount of Pt vapor should be larger than that of Al
tively wide composition range in a controlled manner, andproduced under the same conditions. Table Il also shows
that the size, composition, and product phases depenthass and energy transfer functi@for collision with Ar) of
heavily on the thermodynamical aspect of the alloy systemthe elements involved. The latter is given by

2
Il. EXPERIMENTAL PROCEDURE AmarMy/ (Mar+my) <, (€]

Figure 1 depicts an experimental setup for cluster formawherem,, and my, are the mass of Ar and colliding atom
tion using the sputter-based gas-aggregation techrftife. (Co, Al, Pt, or Ap, respectively’? The metal vapors thus
We used two independently powered sputtering targets fogenerated were swept into the growth regiapproximately
the generation of pure metal vapors. The two targets weré cm in diameter and 20 cm in length, set at the liquid nitro-
placed face to face, 10 cm apart, and the input power of eacgen temperatuje with an Ar carrier gas. There was also an
target was controlled in the range of 100—300 W. A largeaperture of the same size at the exit of the growth region.
amount of Ar gas of 200—400 standard cubic centimeters peFhe clusters coming out of the aperture were led to the depo-
minute (sccm was introduced continuously into the sputter- sition chamber, which was kept below abouk 10™2 Pa
ing chamber, raising the pressure inside the chamber to aphrough two skimmers by differential pumping. The clusters
proximately 130 Pa. This unusually high Ar pressure re-were finally deposited on carbon-coated colodion films sup-
stricted the glow discharge region to only a few millimetersported by Cu grids at room temperature for transmission
above each target, allowing independent control over thelectron microscopyTEM) observations. We used a Hitachi
power of the targets despite the fact that these were placddF-2000 transmission electron microscope operating at 200
face to face. One of the advantages of this configuration i&V for structural characterization. This microscope was
that the different elements can mix effectively. During sput-equipped with x-ray energy dispersive spectroscps),
tering, the applied voltage remained constant at approxiwhich was used for compositional analyses.

( )
Fic. 1. Schematic drawing of the

L‘ Jl ) chamber for the preparation of alloy
LN jacket skimmers clusters: the plasma-gas-aggregation

Co target system. Two kinds of metallic vapors,
I: generated by sputtering the targets

Ar gas

placed face-to-face, are mixed and

cooled, giving rise to uniformly sized
sample thickness alloy clusters. They are transported by
holder  menitor an Ar carrier gas through two skim-

Al (or Pt) target

]
!

T™P T™P

mers by differential pumping, and fi-

nally deposited on a substratd.MP:

) turbo-molecular pump; MBP: me-
chanical booster pump.

MBP TMP
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TasLE Il. Mass, sputtering yield, and energy transfer function with the col- Co-Al system Co-Pt system
lision of Ar for Co, Al, Pt, and Ar. -

Sputtering yield Energy transfer function
Mass (by Ar ion) (Ref. 39 (against Ay
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

IIl. EXPERIMENTAL RESULTS
A. Cluster size distribution

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

Figure 3 shows the size distribution @)—(e) Co-Al and
(f)—(j) Co-Pt clusters prepared under various conditions in-
cluding those shown in Fig. 2. For each condition, more than
100 clusters were randomly selected to obtain the distribu-
tion. (Overlapping images of clusters were rejected from the
selectiong.As can be seen, except f@) and(b), the distri-
butions do not follow LND, but the normal Gaussian distri- Fic. 2. Bright field TEM micrographs of alloy clusters, produced with the
bution with a small standard deviatian and thus may be folloxiggsf;?qd\i,tviﬁgrsfklrj t?:risnﬂovg V:Ztreo f:’»g(()) ?;}miﬁ%: é%)(,) (g)r,]dagg (()Ci/v
called monodispersive. We also observe a general trer}ﬁe‘;pect?\’/ oy, and Sl?li 100v8 ('?ixe B (0, O =) ConPt system with
where Co-Al clusters are larger than Co-Pt clusters. In add"spC0= 100, 200, and 300 W, respectively, andoSPL00 W (fixed).
tion, the average size of the Co-Al clusters decreases with
the sputtering power of Co, while the opposite occurs for the
COFIiag;uCrI:SAftesrjr.nmarizes the average composition of the clust-alnt role in determining the composition of the produced
ters determined by EDS analysis. The electron beam wa%IUSter aggregates.
spread with a diameter of more than 500 nm, and thus the
values in the figure represent the average composition of th Structure of clusters
cluster aggregates. We also measured the composition of in-
dividual clusters, and found that, except for Al-rich  Figure 5 shows typical electron diffractiqgi&D) patterns
clusters® the composition of each cluster did not vary by of the cluster aggregates in Co-k)—(c)] and CaP?) [(d)—
more than 5%, corresponding to the experimental error mardf)] systems. The diffraction rings in the ED pattéan taken
gin of EDS. As shown, the composition of the clusters can bdor Co:Al=23.77 can be indexed as those for the fcc-Al
controlled easily by changing the relative power of the twophase witha=4.05 A. On the other hand, the diffraction
targets. As expected, the Co content of the clusters increasehgs indicated by the arrowheads in the ED pattdrncan
as the applied power to the Co target increased. Contrary the indexed a$100}, {111}, and{210 of simple cubic struc-
our expectations, however, the Co-Pt alloy clusters werdure, and show that the clusters with the composition of
richer in Co than the corresponding Co-Al alloy clusters pro-Co:Al=54.46 possess the B@sC) structure. The lattice
duced under the same conditions, despite the fact that theonstant obtained from the ED pattern was 2:8602 A, in
sputtering yield of Pt was greater than that of Al. It was alsoagreement with the lattice constant of the C@¥) phase,
found that the average composition was a strong function 02.86 A%’ As the Co content of the cluster aggregates in-
another processing parameter: Ar gas flow rate. We foundreases in the Co-Al system, the ED patterns suggest that the
that increasing the rate from 300 to 500 sccm resulted irtlusters begin to assume the fcc-Co phase, in which Al is
Co-Pt clusters that are rich in Pt, as indicated by the crossggesumably dissolved. Figuréc} is the ED pattern taken for
in the figure. These observations suggest that both thermd@z0:Al=76.24. Here, the rings can be identified as arising
dynamics and kinetics of cluster formation plays an impor-from the BZCsC) structure, as well as from the fcc-Co
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tem. SR, = SR,=100 W (fixed), while
d=7.1nm SR, was varied as indicated: aver-
age diametery: standard deviation as
defined for the normal Gaussian distri-
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phase witha=3.54 A. This shows that in the Co-rich region The clusters were produced under the following conditions:
the clusters form a two-phase comprising the G88)  Ar flow rate was fixed at 300 sccm; sputtering power of Al
phase and the fcc-Co phase. (or PY was fixed at 100 W; sputtering power of Co was
Figures %d) and Se) are the ED patterns of cluster ag- varied from 100 to 300 W. As shown here, the size of the
gregates with Co:Rt38.62 and Co:Rt64:36, respectively. Co-Al alloy clusters is generally larger than that of the Co-Pt
These ED patterns are typical of the fcc structure and showlloy clusters despite the fact that the sputtering conditions
that the clusters possess the fcc-Co phase, in which Pt mre almost the same. In addition to the large asymmetry of
dissolved. No intermetallic phase, such as thg-type that the average size between the two alloy systems, we note that
exists in the equilibrium phase diagram, was observed. Othe observed phase in both systems differs from that ex-
the other hand, the diffraction rings in the ED pattern showrpected from the respective equilibrium phase diagrams. For
in Fig. 4(f), which was taken from the Co:P¥79:21 cluster example, the Co-Al phase diagram shows that Co atoms can
aggregates, cannot be indexed as arising from the fcc-Cdissolve in the B2 phase only up to about 56 at%-Co at
phase, but rather from the hexagonal close-packeg Co  300°C, while at 1200-1450°C the ordered B2 phase can
phase. This observation shows the hcp-Co is stabilized by thexist in a wide composition range, i.e., about 46 at%-Co to
incorporation of Pt atoms, in agreement with the behaviomore than 70 at%-C®& Thus, the composition range in
reported in the literaturé&: which the B2 structure is found in the present article corre-
Figure 6 summarizes the size and structure of the Co-Abponds to a state at a high temperature. Likewise, the Co-Pt
and Co-Pt alloy clusters as a function of their Co contentsphase diagram shows that the gLfthase is stable below

JVST B - Microelectronics and Nanometer Structures
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Fic. 4. Average composition of clusters as a function of$SRvith SPy average compositon of clusters (at%-Co)

=SR,=100 W (fixed), showing that the Co contents of clusters increases

with increasing SE,. Note, however, that the Co-Pt clusters become richerFiG. 6. Size(average diameter and standard devigtiohCo-Al and Co-Pt

in Co than the corresponding Co-Al clusters produced under the identicahlloy clusters and their structure as a function of Co contents.

conditions, despite the fact that the sputtering yield of Pt is larger than that

of Al. Increasing the Ar gas flow rate from 300 to 500 sccm suppresses the

Co content of the Co-Pt clusters. 825°C, and above this temperature the (€o,P} solid so-
lution is expected® Thus once again, the phase observed in
the Co-Pt alloy clusters represents a state at a high tempera-

Co-Al system Co-Pt system ture, even though the clusters were deposited at room tem-

perature.

IV. DISCUSSION
A. General remarks

We have demonstrated that alloy clusters can be formed
using the gas-aggregation technique, and that the use of two
separate sputtering targets as sources of metal vapors helps
control the composition of the produced clusters. The advan-
tages of this method over a conventional evaporation tech-
nique include(i) ease of obtaining a wide range of materials:
vapors of a substance with a high melting point, e.g., refrac-
tory metals, and even carbon vapors, can be genergigd,
ease of controlling composition: the amount of a vapor is
basically proportional to the amount of power applied to the
target, andiii) reproducibility: unlike conventional evapora-
tion techniques, where the amount of a metal vapor is a
sensitive function of the crucible temperature and the amount
of materials inside the crucible, source materials are practi-
cally unlimited with sputter-based gas-aggregation tech-
niques, and operational simplicity ensures reproducibility.

On the other hand, this technique does not change the
basic processes of cluster formation in the gas phase. It is an
irreversible reaction, and the resultant clusters are often in a
metastable state. In our experiment, B2-typye Co-Al alloy
clusters were observed in a composition range wider than
that predicted by the phase diagram; the Co-Pt alloy pos-
Fic. 5. Electron diffraction patterns of alloy clusters with the average com sessed the fcc structure. These findings may be compared,

G. 5. .
position of (@) Co,Al77, (B) CossAls (©) COAlys (d) CouPl, (€) for qxample, to the well-known occurrence of the_ A15 strug-
CoggPtzy, and(f) CoggPty. In the Co-Al system, diffraction rings indicated ture in Cr clusters produced by conventional gas-aggregation
by the arrowheads ith) suggests the formation of intermetallic CoAl com- techniques?® In addition to the non-equilibrium aspect of the
pound (B2 structurg, while the diffraction rings of the Al-rica) and Co- C|uster-forming process, size is also a factor pertinent to clus-
rich (c) clusters are dominatgd by the fcc Al and fcc CQ phq;e, respectivelyters‘ Their small size, and consequently large surface-to-
In the Co-Pt system, diffraction rings (d) and(e) can be identified as those . . - .
of the fcc Co phase, while the rings if) suggests the formation of hep Co  Volume ratio, may explain their different structure from their
phase. bulk counterparts. At present, we cannot clearly show to

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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what degree the structure of the clusters were affected by the t=1/K In v+ const. (5)
rapid quenching and by the smallness of their size. Belowhc hat th ber of ic| | q
we will briefly discuss the mechanism of alloy cluster forma- we now assume that the number of particles nucleated at a

tion based on a semiquantitative description of gas dynamic?,art'céfgl"’lr t!met obeys .Gau_ssmn Q|str|butlon, we W'I,l obtain
and show the main cause of the observed differences b&ND-~ This assumption is applicable when particles are

tween CoAl and CoPt clusters. For the sake of simplicity, we,orm,ed in a s_tationary environm_ent, such as CO".Oid fo_rma—

will focus on a cluster with a composition ratio of approxi- tion in a liquid phase or formation of small particles in a

mately Co:M=1:1. stagnant gas phase. In our case, clusters are formed in a
We have seen that the size of the CdM=Al or PY) flowing gas in a discrete time period, and thus, the assump-

alloy clusters at Co:M1:1 composition is about 12 and 7 tion of Gaussian distribution for each cluster’s history is not

nm in diameter for Co-Al and Co-Pt systems, respectivelyfylf'"ed' On the other hand, the size distribution of clusters

Knowing that they are made up with B2 2.86 A2’ and _rlch in Al [Figs. :ia)_ and 3b)] do follow LND, as che_lra_cter-

Al (i.e., fec;a=3.54 A) phase<® respectively, we can esti- ized by the long tail beyond the average _value. This is partly
mate the number of atoms in these clusters. There are aboﬂ?e to heterogeneous structures of Ak-rich clusters brought
4% 10 Co and Al atoms in the former, and@L0° Co and Pt about by an excessive Al gas, which disturbed the condition
atoms in the latter. Thus, Co and MI or Pt) atoms were of the dis3crete lifetime of clusters, and was discussed
ejected from the targets, reacted in the gas phase, out épparatelﬁ.

which the aforementioned numbers of atoms formed an aIIo;(/j_ In short, L’;D arf|seT|_e_|ther W.hﬁn clus;ers are; for_med fb):]a
cluster resulting in a monodispersive size distribution. Iscrete number of collisions with a random selection of the

fractional volume increase in each coalescence event or
when clusters are formed by monomer absorption with a ran-
B. Departure of cluster size distribution from LND domly distributed time period from the incipiency of each
We first note that the size of alloy clusters does not followcluster. The fact that the observed cluster size distribution in
LND, f_n(x), which is commonly known to occur for a the present article dogs not follow LND §trong|y suggests
number of small particle systefis® that these two mechanisms are not operational in the present
5 method, but that the alloy clusters were formed by a substan-
P 1 _1/Inx=Inx ,, tially different mechanism. In view of these considerations,
n(X)= \/Zln Uex @ we will restrict the following qualitative discussion of alloy

2 Ino
cluster formation to the framework of a monomer absorption

but obey the normal Gaussian distributidg(x): mechanism with a discret@ot a Gaussiandistribution of
fo(x) 1 p{ 1/ x—x| 2] o time for growth.
X)=——exp —5|—]| |,
¢ V2T o 2\ o

wherex and o are the mean value and standard deviationC. Estimation of the number of collisions of metal
respectively. Some of the differences and similarities in theatoms
appearance of the two distribution functions is briefly dis-

cussed in the Appendix. must be identified. These include number density ohA;

In the statistical theory of coalescence, LND arises Wher(L,oIIision frequency of atomg residence timer, and rough

particles or clusters are formed by a certain number of ran; ctimate of throughput of Ar g, , and metal vapo,, .

33(3 mcgliléslc;?‘zoﬂg g?sa'::?bstftigc?rsﬁismasvsvsr:;;hpttir;i Ior;ctrr?easrznl- ince the sputtering was carried out in an Ar atmosphere of
. ) . ' - approximately 130 Pa at room temperature, we have
dom fractional increase in volume after collision, when the
central limit theorem is applied, leads to LN&* Thus, the Na~3.5x10% (cm™3). (6)
observed departure from LND as observed in Fige)-33()) T
strongly suggests that coalescence is not a dominant mech
nism for cluster growth. In fact, Hihara and Sumiyama, in a
study of Ni cluster formation, pointed out that collision coa-
lescence does not explain a highly monodispersed cluster f=c/A=5x10° (s™1). )
size distribution, and suggested monomer absorption should
be the dominant mechanisthThey also suggested that clus-
ters should be extracted from the growth chamber befor
they collide with each other. 7=pV/I(Qa+Qm)=pPV/Qa, 8
Within the framework of monomer absorption, LND can
take place if we assume that the growth rate is proportion

First, the basic parameters that characterize a vapor phase

he average velocitg and mean-free-path are 3.9< 107
/s and 8Qum, respectively? Thus, the collision frequency
is given by

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

herep is the pressure inside the chambéithe volume of
he chamber,Q,, the throughput(flow rate of the gas

to the volume of a clustew. Namely, (which is much larger thaQ,,). With p=130 Pa,V=9
dv/dt=Ku, (4)  %x10* cm®, Q=300 sccm we have
whereK is a kinetic constant. This leads to T~2.4 s. (9)

JVST B - Microelectronics and  Nanometer Structures
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We then need to estimate the relative amount of metaD. Estimation of the sticking probability in Co-Al
vapors inside the chamber. This can be done once we detegnd Co-Pt systems

mine the sputtering yield of the metals. The values for 500 the ghove simple observation suggests that the number of
eV Ar ions are given in Table Il In our experiment, the qqjjisions of metals in Co-Al and Co-Pt systems does not
applied voltage was about 300 V, and thus, the energy of Ar gitter appreciably. This leads us to conclude that the ob-

was approximately 300 eV. Since this is larger than thesgneq size difference arises because the probability of the
threshold energy and given that the sputtering yield tends t§,o(5| atoms arriving on a growing cluster staying there, i.e.,
increase with incident energy in this energy rafiyae may sticking probability, differs appreciably between the two sys-

determine that the sputtering yield is in the order of 0.3y |n other words, CoPt is smaller than CoAl since the
atoms/ion. As a typical value for the applied currelitwe  aa) atom detaches from the cluster due to its low driving
may setl ~0.5 A. Neglecting the effect of secondary electron¢,,ce for compound formation.

production on the target, we may use this number as total
Ar* flux on the 7-cm-diam target to make a rough estima
tion. Then, the number of metal atoms “injected” inside the
chamber is approximately

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

Qu~5x10" s . (10 Co+M=CoM, AG’cou, (14

whereAGC,,, is the standard free-energy change upon the
formation of the compound phase, CoM. The equilibrium
constantkcyy is given by

kCoM:pCoM/(pCOpM):eXp(_AGOCOM/RT)u (15

wherep denotes the partial pressure. In the present article,
) , ) we are interested in the ratio of the equilibrium constant in
That is, approximately one out of hundreds of atoms in thg, o co-Al and Co-Pt systems.

gas is either Co or MAI or Py) atoms.f can also be regarded — £q yhat hurpose, we can neglect the effect of the entropy
as the average probability of any atom meeting a metalliGhangeA s because it comprises mostly the change from
atom inside the chamber. It should be emphasized, howeve,seqys to solid state, which is in the same order for both
that this value will be larger near the targets, and will de‘Co-AI and Co-Pt systems. With the enthalpy change tabu-

This is the “throughput” of the metal vapor.
ComparingQy with Q,,, we now know that the ratio of
metal atoms to Ar atom8 is approximately

6~Qu/Qa~5%103. (12)

crease rapidly as the clusters grow. lated in Table |, we obtain, &=20°C:
These considerations suggest that each metal atom col-
lides with hundreds of Ar atoms before it meets the same or Kcoa~eXp — AHcon/RT)~3x 10, (163

other kinds of metal atoms. Even though the cooling effi-
ciency of Al and Pt is different by a factor of twd@able II),
it is reasonable to assume that these metals are thermalizétiese are thermodynamical numbers that have significance
quickly by the collisions with Ar atoms before they meet only when a dynamical equilibrium between the left- and
with another metal. In other words, we may, for the purposeight-hand sides of the reaction equation exists. However, we
of the present estimation, presume that the Ar atmosphem@ay use the ratio of these values as a relative probability of
acts as a heat reservoir. the reaction to proceed towards the right-hand side of the
Next, we need to estimate the total number of collisionsequation. We see that Co and Al have a much larger prob-
Nc between the metals before they are ejected from thability of forming CoAl than Co and Pt do once they meet. In
growth region. This is in principle the product of the resi- other words, Co and Pt may detach or reevaporate from
dence time and collision frequency with a mefhle latter is  Co-Pt alloy clusters, giving rise to a slow growth rate.

kCOPf% eX[X _AHCOPI/RT)~1X 101 (16b)

given by #xf): It should be emphasized here that the aforementioned ru-
dimentary thermodynamical arguments only compare the
Ne~ 7X X f~6x 10, (12 relative stability of CoAl with that of CoPt. In this naive

treatment, it is doubtful that the dynamical equilibria be-
We therefore see th&ic is in the same order as the num- tween the elemental metallic gas and clusters, as expressed
ber of atoms in CoAl. Needless to say, this is a very roughby Egs.(16a and(16b), exist at room temperature. We may
estimate since the density of metal vapors decreases rapidéuiggest however that, in the pioneering work by Filapd
as the cluster grows inside the vapor phase. But this is paRarkset al,* it was demonstrated that phase equilibria do
tially compensated by the increase of cross sectifor each  exist in the adsorption reactions between Ni ang mbl-

collision sinceo varies as ecules in the temperature range ofl22 to 50°C, as ap-
peared as a plateau in the composition-pressure curve,for N
o~r?~N?® (13)  uptake by Ni cluster§! The systems investigated here were

metallic, and thus may not be compared directly with the
wherer is the radius andN is the total number of atoms of results obtained for the adsorption reaction. Yet the observed
the cluster? significant difference in the average size of the CoAl and
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CoPt particles do suggest that the probability of a reaction
going toward the right-hand side of E{.4) in the gas phase

is strongly influenced by the thermodynamical character of
the system.

Overall, our results indicate that it is possible to obtain
monodispersive alloy clustefas opposed to LNPfrom two
separate elemental sputtering sources, provided that these
metallic vapors can meet and be cooled effectively in a gas-
eous phase, and have a discrete residence time inside the
chamber. The resultant clusters, however, are not in a state of (b)
free-energy minimum. Yet it was shown that the thermody-
namical property of the alloy system influences the growth
rate, and thereby, the average size of the produced alloy clus-
ters.

| 1 |
(@ Gaussian distribution

number of particles

Log-normal distribution

number of particles

V. CONCLUSIONS

We employed a plasma-gas-aggregation technique to syn-
thesize Co-Al and Co-Pt alloy clusters. Our apparatus was
characterized by two separate elemental sputtering sources,
high-Ar pressure{wlSO Pa, and a growth region. The com- Fic. 7. Comparison of the aBpearance(a)‘ Gaussian distribution antb)
position of the aIon clusters could easily be controlled, and-\ND for the average value of=10 and several values of standard devia-

L L . . . tion o. The LND is characterized by its long tail. Note that, wtsda small,
their size distribution was found to be monodispersive. How+; . . y g

the two distributions are indistinguishable.

ever, the composition and size of the clusters are not

uniquely functions of the power supplied to the two targetsthis happens, it is no longer physically desirable to call such
but they also depend critically on the thermodynamics of the distribution LND, and we lose physical footings for the
system, as well as on kinetic factors such as the flow rate ciforementioned models for LND, even though it may still
the carrier gas. Thus, in the Co-Al system, monodispersefhathematically be LND.

intermetallic alloy clusters of CoAl with B2 structure were  The corollary of this argument is that one should not in-
formed for a composition range wider than that predicted byvoke LND when a size distribution in question does not
the equilibrium phase diagram; whereas in the Co-Pt systentlemonstrate asymmetry, as characterized by a long tail be-
CoPt alloy clusters formed the fcc phase, which is a metayond the average value within a given experimental preci-
stable phase at room temperature. The average size of Cogion. This was seen in the distributions in Fig$c)33(j),
was about 12 nm, while that of CoPt was about 7 nm inand they should be fitted by the normal Gaussian function,
diameter under identical conditions. Therefore, even thougiot by LND.
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