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CoAl,_, 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~0.4—0.7), the alloy clusters have the ordeBi (CsCl-type
structure. In the Co-rich cluster aggregateg=(Q.76), the clusters are composed of
face-centered-cubidcc) Co and minor CoAIB2) clusters. In the Al-rich aggregates= 0.23), the
clusters are mainly composed of the fcc-Al phase, although clusters occasionally possess a
“core-shell structure” with the CoAlB2) 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 system20@1 American Institute of
Physics. [DOI: 10.1063/1.1394918

I. INTRODUCTION ber of difficulties that are not encountered in the formation of
. . elemental metal clusters. For example, two kinds of metal
Nanostructurally tailored materials are expected to beyapors must collide with each other in the vapor phase, react
come St1he basis of the infrastructure of next-generationg form the alloy, cool sufficiently, and grow in the vapor to
del\((ljce ' Adnumber of sﬁgdles have :eportﬁ_db.tha;t granular,ecome clusters desirably uniform in size. This process de-
rsnoal r?etgcg“‘ n;clrgcr)lgryosrtg 6|neo ’:_‘f;f{ga Sar?c)j( : r';ec?]zcr:n;tlmgpends heavily on a number of processing parameters, such as
gneti 5"9'10 port, puical, Ice C{elative and absolute amounts of metal vapors, kinds of car-
properties’™ In these material designs, nanometer-size or gas. metal vapor mixing methods. and vapor cooling b
granules or clusters serve as elemental functional units. Thug, 9 ’ P 9 ' P 9 by
the carrier gas, among others.

a key to the success of this technology is the ability to con- ! ]
trol the structure and size of the clusters. We have recently ' n€ formation of metal clusters by vapor-phase synthesis

developed a plasma-gas condensati®&Q type cluster May be qualitatively understood by the traditional nucleation
deposition apparatus, in which clusters, several nanometefdld growth modet® However, the validity of the assumption
to several ten of nanometers in diameter, can be formed dif dynamical equilibrium between the solid phastuste)
rectly from the metal vapors produced by the sputtering of aand the vapds) is not obvious. In other words, cluster for-
target materiat! Since this is a sputter-based vapor-phasemation is likely to be dictated by the number of parameters
synthesis of clusters, a wide variety of elements can serve aRat are irreversible in nature. These include rapid quenching
source material¥® Recently, it has been demonstrated thatof the metal vapors by the Ar carrier gas and its flow rate,
the PGC technique allows the production of monodisperyhich must compete with the approach to the equilibrium.
sively sized metal clusters such as Cr, Co, gnd N In this regard, achieving the synthesis of alloy clusters
Although from an app!|ca_t|on pomF of view, the s.table that possess an ordered structure represents quite a challenge.

formaﬂon (?f alloy clusters is hlghly desired, the formation OfThis article describes our attempt to produce uniformly sized
intermetallic alloy clusters by this method has not been . .

ntermetallic alloy clusters in the vapor phase. We chose the

. "

roved. The fact that sputtering can generate almost any kin

P P 9 9 y 80—A| system because of the well-known stability of the
orderedB2 (CsCl-typé structure”*® Our results show that

of metal vapors makes the PGC technique particularly attrac=
tive. However, the synthesis of alloy clusters involves a num- \ . .
the production of uniformly sized CoAR2) alloy clusters
] . ] ) depends not only on the relative amounts of source materials,
¥Electronic mail: tikonno@imr.tohoku.ac.jp tal their absolut t d oth .
Ypresent address: Department of Physics, Carnegie-Mellon University, Pittég_u_ also on their absolute amounts, 'Tsm other processing con-
burgh, PA 15213. ditions such as flow rate of the carrier gas.
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FIG. 2. High-resolution TEM image of a CoAl cluster in the cluster aggre-
gate shown in Fig. 1. Note that this cluster has promin@@0; facets
together with mino{110; facets.

electron microscopyTEM) observations. We used a Hitachi
HF-2000 transmission electron microscope operating at 200
kV for structural characterization. This microscope was
equipped with x-ray energy-dispersive spectrosc@ps),
which was used for compositional analyses. The zero-field-
cooled(ZFC) and field-cooled FC) thermomagnetic curves

at magnetic fieldH of 100 Oe was measured for cluster ag-
gregates of 54 at. % Co by a superconducting quantum inter-
ference device magnetometer.

FIG. 1. (a) Bright-field TEM image of CoAl alloy clusters with an average
composition of 54 at. % Co. Ar gas flow rate: 300 sccm; sputtering power || EXPERIMENTAL RESULTS
250 W for both Co and Al targetgb) Corresponding electron diffraction

patterq. The arrowed rings afd00, {111}, and {210, and suggest the Figure Xa) shows a bright-fieIdBF) TEM micrograph
formation of theB2(CsCl-typg structure. of the clusters produced at the sputtering power of 250 W for
Co and Al targets, and at an Ar gas flow rate of 300 sccm.
Figure Xa) shows that the clusters are uniformly sized with
an average diameter of approximately 14 nm. The average
We used a magnetron sputtering system with Co and Afomposition of the cluster aggregates determined by EDS
targets 80 mm in diameter, controlled independently for thevas 54 at.% Co. Figure () is a corresponding electron
generation of metal vapors. The two targets were placed fac@iffraction (ED) pattern. The diffraction rings indicated by
to face, separated by 100 mitThe input power of each the arrows can be indexed &00, {111}, and{21G of the
target was controlled in the range of 100-300 W. A largeSimple cubic structure, and show that the clusters possess the
amount of Ar gas of 200—400 standard cubic centimeters pep2 (CsC) structure. The lattice constant obtained from the
minute (sccm) was introduced continuously into the sputter- ED pattern was 2.850.02 A, in agreement with the lattice
ing chamber, making the pressure inside the chamber agonstant of CoAlB2), 2.86 A.
proximately 130 Pa. This unusually high Ar pressure restricts
the glow discharge region to only several mm above each

Il. EXPERIMENTAL PROCEDURES

target, allowing us to control the power of the targets inde- 2 000000 : ' ' H = 100 Ce
pendently despite the fact that the targets are placed face to > Fe . socttis e, 7
face for the different elements to mix effectively. The metal % L e . °'.,. i
vapors thus generated were swept into the growth region < ‘~._.
(approximately 10 cm in length, set at the liquid-nitrogen £ O }
temperaturg together with an Ar carrier gas through an ap- £ L CoAlcluster aggregates A
erture 3.5 mm in diameter by a mechanical booster pump. g =y a"e:ag“m:‘p"s't'ol'““ atl/°'0°
There was also an aperture of the same size at the exit of the 0 50 100 150 200 250 300
growth region. The clusters coming out of the aperture were temperature (K)

led to the deposition chambéess than about X 10 %P3 o
through two skimmers by differential pumping. The clusters’'C: 3. Temperature dependence of the magnetization for the BaA(

. . . . cluster aggregates in the magnetic field of 100 Oe. The open circles indicate
were finally deposited on carbon-coated colodion films SUPthe field-cooled(FC) magnetization and the closed circles the zero-field-

ported by Cu grids at room temperature for transmissiortooled(ZFC) magnetization.
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Figure 2 is a high-resolution TENHRTEM) micrograph
of a cluster found in the same specimen. As shown here, the
cluster is composed of a single grain and has a fourfold ro-
tational symmetry. The major and minor facets are of the
{100 and{110 planes, respectively, and the cluster is likely
to possess a three-dimensionally faceted shape.

The Co-Al phase diagram shows that the Cd®4]
phase has a wide nonstoichiometric range in the Co-rich side
of the stoichiometric composition of 1% It is known that in
the Co-rich CoAlB2) phase, the excess Co atoms occupy Al
sites, and bring in ferromagnetic coupling between the near-
est Co—Co atom¥ Macroscopically, this magnetic ordering
appears as paramagnétic? and spin-glass behaviors in
thermomagnetization curves.

Figure 3 shows the FC and ZFC curves obtained for
CoAI(B2) cluster aggregates with an average composition of
54 at. % Co. The magnetization is in the arbitrary unit since
we were not able to measure the total weight of the clusters.
Nevertheless, the ZFC magnetization curve clearly shows
that this cluster assembly possesses the blocking temperature
of approximately 170 K, as defined by the onset of irrevers-
ibility. This is in good agreement with the reported behavior
of the susceptibility of Co-rich CoAE2) bulk materialg>
showing that the ferromagnetic coupling due to Co-Co
neighboring does exist in the vapor-synthesized CBAI(
clusters. This observation indicates that the nearest neighbors
of Co atoms in the clusters do not differ significantly from
those in the bulk material, and suggests Co and Al atoms

FIG. 4. Bright-field TEM images of CoAl alloy clusters, and electron dif- were mixed reasonably well during the cluster formation.

fraction patternginsets. Ar gas flow rate: 300 sccm; sputtering power: Al
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.

Figure 4 is a series of BF-TEM micrographs of the clus-
ter aggregates prepared when the power of Al was fixed to
100 W, while that of Co was varied froga) 100 W, (b) 150
W, (c) 170 W,(d) 200 W, (e) 250 W, to(f) 300 W. The Ar gas
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FlG' 6. Composn_lon of the C.OAI alloy cIu;ters shown_ in Fig. 4 as a func- FIG. 8. Effect of the Ar gas flow rate on the average composition of CoAl
tion of the normalized sputtering power ratio. Composition was obtained by

EDS analysis, while the structure was determined from the diffraction pat-CILISter aggregates, showing that the mixing of the metal vapors by the Ar

erns carrier gas is a prerequisite for the CoAl alloy formation.

flow rate was 300 sccm for all cases. The inset ED pat@rn increased f“’_tm 200 to S'OIO sc;r(;m '?‘SO /F'g' 8 S::OW;’] thﬁ aver-
can be ascribed to the fcc-Al phagk)—(e) to the CoAlB2) ;Tge CO{npOS' |o;0\évas emévt s‘ oth oﬂw en ¢ € AT gas
phase, andf) to the mixture of the fcc-Co phase and minor 'O '&'€ Was secm, but when fnhe ozv rate was in-
CoAl(B2) phase. creased to 300 scem, it was close to 50 at. % Co. Thus, the
Figure 5 shows the size distribution, average diameteP/c'ad¢€ composition of the clusters depends not only on the
and standard deviation of the clusters shown in Fig. 4. Agelatlvet a:(r‘rgrc])unt of thedpgwer, ?IUt alsto on the absolute
shown here, the cluster size becomes monodispersive wit?'lmOFu.n 0 qe) pc;}wer an BFrgél:/l ow rate. h of lust
increasing the power of Co, with the average cluster size of \gure 2a Shows a b micrograpn o aoc uster
approximately 12—13 nm. aggreggte with the average composition of 18 at. % Co. In
The average composition of the same cluster aggregateg".S Al-rich cluster aggregate, we often_found, among the
as determined from the EDS analysis, was 23, 37, 54, 58, 6J,lhl_formly contrasted cIL_Jsters, a cluster with gs_trong contrast
and 76 at. % Co, respectively. These values were plotted aslg Its Acqrel,:_ btg( ?_ug_lfortm gray cor;]tralst tm |tsh_|shell.
function of the normalized ratio of the sputtering power of FOW A IN Flg. =(a Indicates one such cluster, whiie arrow
the two targets in Fig. 6, which shows that the average coml-3 points tq a uniformly contrasted cluster. Figurépis a .
position is a linear function of the ratio of the sputtering HRTEM micrograph of the cqre—shell cluster observgd n
power of the two targets the same aggregate. The lattice fringe 2.86 A found in the

Figure 7 shows the average composition of the clustef°'® suggests that it is cqmposed of e strl_Jc'Fure. It.
aggregates obtained when the sputtering powers of both t séwuld be noted that we failed to detect any distinct lattice
Co and Al targets were changed from 100 to 300 W and ,[hllnnges from the shell of the same cluster. In fact, the image

ratio was fixed to 1:1. As shown here, the average COmposfgontrast in the shell suggests that the shell is composed of an

tion of the cluster aggregates changes even when the ratio f@ﬁrgrosl::rgﬁ?{ dFElsgl'Jrzggfe;tseZ .SrftF(.)f (;Diﬁézzlesr;liin
the sputtering power remains constant, and it saturates u indi N Fg{&. profi

approximately 50 at. % Co as the power of both targets in_iéhow that the “average” composition of core—shell cluster A

s 52 at.% Co while that of B is 19 at. %. These results,
creases. . A
Figure 8 shows the effect of the Ar gas flow rate on theespeually the_ fact that the core—shell cluster is rich in Co,
average composition of the cluster aggregates. The power ppﬁrt the view that the core of cluster A is made up of the
Co and Al targets was fixed to 200 W, but the flow rate was 2 phase.

IV. DISCUSSION
60

We showed that monodispersive single-phase CoAl alloy
clusters with theB2 structure can be formed by vapor-phase
40 synthesis. TheB2 phase was found to dominate in cluster
aggregates of approximately 40-70 at.% Co. We also

50 — °

Average Composition (at.%Co)

0 ° showed that the average composition of cluster aggregates
20 depends heavily on processing conditions; in fact, it is a
1ok /S*{Dgafggill rate = 300 SCCM function of not only the ratio of the sputtering powers of Co
. | ¢ | | and Al targets, but also of other processing parameters, such
0 100 200 300 200 as total sputtering power and Ar gas flow rate.
Sputtering power of each target (W) The CoAl(B2) alloy clusters were uniform in size, and

grew to about 12—14 nm, often exhibiting a faceted shape.

FIG. 7. Effect of total sputtering power on an average composition of COAIThiS implies that an a”Oy cluster can grow into the equilib-
cluster aggregates. This figure indicates that the composition of clusters

4 . . . . .
becomes 1:1 when metal vapors of Co and Al are sufficiently supplied in thdUM shapé’ provided there is a sufﬁuen} supply of Con?’t'tu'
chamber. ents from the vapor. Moreover, the spin-glass behavior ob-
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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 core—shell
structure, while the one indicated by arrow B shows a uniform gray contrast. Note that the core of the cluster has a faceted Islydpeesolution TEM
micrograph of a cluster, found in the same cluster aggregates. The lattice fringe 2.86 A suggests that the core is composed d&2)epBagd( while the

shell exhibits an amorphous structute). and (d) EDS profiles of the clusters indicated by arrows A and B, respectivelg)in

served in 54 at.% Co cluster aggregates indicates the Yamamuro, Sumiyama, and Suzuki have demonstrated,
ferromagnetic interaction of Co atoms inside the C®&4] based on their vapor-phase synthesis of elemental Cr clus-
clusters, and shows that the clusters possess a defect striters, that the prerequisites for uniformity of cluster size are
ture similar to the Co-rich bulk CoAR2) materials. On the the limited nucleation period and growth afterwards, the two
other hand, the Co—Al phase diagram shows that Co atomiseing clearly separatéd.The uniformity of the CoAIB2)

can dissolve in th&2 phase only up to about 56 at. % Co at clusters shown in Fig. 1 suggests that the two kinds of metal
300 °C, while at 1200—-1450°C the orderB@ phase can vapors were sufficiently present and mixed so that they were
exist in a wide composition range, i.e., about 46 at. % Co tesupersaturated against the formation of the CBRI| phase.
more than 70 at. % CH Therefore, the relatively wide com- Since the size of the clusters was uniform, and the structure
position range for the CoAR2) clusters observed in the inside the cluster was also homogeneous, we may infer that
present investigation indicates that cluster formation tookhe CoAlB2) phase nucleated homogeneously in the Ar-
place at a relatively high temperature, and that the clustersooled vapor phase.

are “quenched” into room temperature by collision with Ar We also observed that the absolute applied power of the
carrier gas. These apparently contradicting observations su@o and Al targets, together with the Ar gas flow rate, are
gest that the formation of alloy clusters is a competing proimportant processing factors for the stable production of
cess between the approach to equilibrium and the quenchin@oAl(B2) clusters. The sputtering yields of Co and Al are
of the whole system. reported to be within 15% of each other, and they are essen-
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tially proportional to the applied powétWe can, therefore, their structure at a high temperature, as suggested by the
suggest that the effect of the absolute sputtering power is tavide composition range of the obtained CoBX) clusters,
increase the number density of the two kinds of metal vawe may consider that the fcc-Co phase stabilized by the Al
pors, thereby increasing the chance for them to collide andissolution was quenched at room temperature.
react. Once supersaturated, the large driving force for the In the Al-rich region, the diffraction pattern of the cluster
formation of the CoAlB2) phasde.g., the heat of formation aggregates showed that clusters are composed of the fcc-Al
AH?® is about—110 kJ/mol CoAl from the solid Co and Al phase; whereas close examination of individual clusters re-
phasesfavors the formation of this phase over the formationvealed that some of the clusters are composed of a core hav-
of the elemental Al and Co phas#&sThe latter phases may ing the CoAlB2) phase and a shell that shows a contrast
nucleate, but a large number of collisiof@pproximately typical to an amorphous structure. Core—shell structures that
1.5x 10° Co and Al atoms are required to form a 15 nm diamhave been found in the past are composed of metal core and
cluste) averages out the possibility of the growth of the el- oxide shel?®3 We can suggest that the core—shell structure
emental phases. was most likely brought about by a shortage of Co vapors:
It was shown previously that for the formation of el- the CoAl(B2) phase was nucleated sporadically, but it could
emental Cr clusters, an increase in Ar gas flow rate of up t&ot grow continuously. The Al-Co phase diagram shows that
1200 sccm resulted in the broadening of the cluster sizéhere are four intermetallic compounds with low solubility in
distribution® This is because the nucleation process is “car-the composition range of 1828 at.% &oThus, we may
ried away” to the growth region, thereby giving a chance forinfer that the formation of these complex compounds was
the clusters to nucleate continuously. In the present investsuppressed due to rapid quenching in the vapor phase, and
gation, the decrease in Ar gas flow rate from 400 to 200 sccrfesulted in an Al-rich amorphous alloy, which heteroge-
resulted in the unexpected disappearance of CoAl clustefdeously nucleated on the CoAR) core and grew.
and the appearance of Al-rich clusters. This shows that a To summarize, the present investigation showed that the
certain flow rate of the carrier gas is necessary to mix the twdormation of alloy clusters is a strong function of the extent
kinds of metal vapors for the formation of alloy clusters. ~ Of the supersaturation and supercooling of metal vapors,
When Co and Al vapors are not Sufﬁcienﬂy mixed, we which varies |Oca”y inside the chamber and depends heaVin
initially assumed that the Co and Al clusters would form©n processing conditions. Thus, in order to produce alloy
separately when the ratio of the sputtering power was closglusters of uniform size and composition, a sufficient amount
to 1:1. However, we noticed that the average composition off metal vapors must be supplied and mixed effectively. This
the cluster aggregates became Al-rich under these conditioéll result in the homogeneous nucleation and subsequent
despite the fact that the chamber was constructed in a pegrowth of the CoAl@2) clusters.
fectly symmetric configuration with respect to the Co and Al
source. This suggests that nucleation and growth are much SUMMARY

easier for Al clusters than for Co Clusters, but we are still We emp|oyed a p|a3ma_gas aggregation technique to
unable to justify this large asymmetry in cluster forming produce intermetallic CoAl alloy clusters. It was observed
ability. A simple calculation of the free-energy change uponexperimentally that cluster formation is not only a function
solidification suggests that the driving force will be large for of the ratio of the vapors supplied, but also of their total
Co cluster formation. For example, the heat of formationamount and the manner in which they mix and react. When
AH® of Al and Co from the gaseous phase is abet830  both Co and Al vapors were sufficiently supplied and mixed,
and —430 kJ/mol for Al and Co, respectivelgtandard state uniformly sized CoAl clusters with th&2 structure were
taken at 298 K,%° while the classical collision model sug- obtained in the composition range of 37—67 at.% Co, a
gests that the cooling efficiency for Co vapor by Ar gas isrange considerably wider than that expected from the equi-
only slightly smaller than for Al because of the small atomiclibrium phase diagram. In the Co-rich side, the fcc-Co phase
mass difference, i.e., 27, 40, and 59, for Al, Ar, and Co,containing Al was formed. In the Al-rich side, the fcc-Al
respectively. These rather simplistic thermodynamical conphase was the dominant constituent, with clusters having a
siderations suggest that the driving force for Co cluster forCoAl(B2) core surrounded by an amorphous phase being
mation should be larger than that for Al clusters, contrary tofrequently observed. These observations suggest that cluster
the experimental results described here. Thus, the asymmetfygrmation in the vapor phase is a competing process between
is probably due to certain kinetic factors governing thethe approach to the equilibrium and the quenching of the
vapor-phase synthesis of the cluster formation. whole system.

The Co-rich cluster aggregates consist of fcc-Co clusters
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