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Critical cluster size of metallic Cr and Mo nanoclusters

S. H. Huh, H. K. Kim, J. W. Park, and G. H. Lee*
Department of Chemistry, College of Natural Sciences, Kyungpook National University, Taegu 702-701, South Korea

~Received 3 March 2000!

It is an intrinsic question whether or not the small metallic nanoclusters might have a structure different from
the bulk structure. We observed a face-centered-cubic~fcc! structure for small Cr and Mo nanoclusters rather
than a bulk body-centered-cubic~bcc! structure. We determined the critical cluster sizencrit to be 4906100 for
metallic Cr nanoclusters and the range of thencrit to be 1460–3900 for metallic Mo nanoclusters at which a
structural transition from the fcc structure into the bulk bcc structure occurred.
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I. INTRODUCTION

Although the structural studies on metal clusters with
cluster sizen,10 are numerous,1 those on metallic nano
clusters withn between 10 and 10 000 are few. It is an i
trinsic question whether or not the metal clusters will mon
tonically approach the bulk structure asn increases.
However, the metal clusters carry a large surface energy
cause of a large surface-to-volume ratio and thus can ha
structure different from the bulk structure in order to d
crease a large surface energy.

Tománek, Mukherjee, and Bennemann had theoretica
predicted that metal clusters with a bulk body-centered-cu
~bcc! structure would have a face-centered-cubic~fcc! struc-
ture whenn is small.2 In fact, we observed a structural evo
lution from amorphous→face-centered-cubic~fcc!→bulk
body-centered-cubic~bcc! structures asn increased in the
previous work on metallic W nanoclusters,3 which proved
the existence of the fcc structure predicted by Toma´nek,
Mukherjee, and Bennemann.

In this work, we investigated the structural evolution
metallic Mo nanoclusters with increasingn. We observed
that the structure evolved such that t
amorphous→fcc→bcc structures asn increased, similar to
metallic W nanoclusters. We determined the critical clus
size ncrit for both the Cr and Mo nanoclusters at whic
a structural transition from the fcc structure into the bu
bcc structure occurred. We discussed why thencrit was
in the order of ncrit~W clusters!.ncrit~Mo clusters!
.ncrit~Cr clusters! for the group-VI transition-metal clusters

II. EXPERIMENT

Metallic Cr and Mo nanoclusters were produced by us
the thermal decomposition method that had been previo
described in detail.4 This method combines thermal decom
position of the metal carbonylM ~CO!6 (M5Cr and Mo!
vapor by using a resistively heated filament with collisio
induced clustering between the decomposed neutral metM
atoms. The reaction begins with a hot filament, which
composes theM ~CO!6 vapor into the neutralM atoms and
the CO’s, and then subsequent collisions between the dec
posed neutral metal atoms lead to the metallic nanoclus
In this method, the nichrome~Ni/Cr/Fe alloy! wire was used
as a filament. However, any kind of resistive material can
PRB 620163-1829/2000/62~4!/2937~7!/$15.00
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used as a filament. The filament was heated by flowing
ternating current~ac! through the filament.

A certain amount of metal carbonyl sample that cor
sponded to a certain vapor pressure was weighed and
loaded into the reaction chamber. The reaction chamber
heated up to 150 °C or so in order to vaporize the me
carbonyl sample, which in turn became decomposed into
metal atoms and the CO’s by the hot filament as descri
previously. The final products were the black and meta
nanoclusters with a narrow size distribution and with a pur
of more than 95% determined by the inductively coupl
plasma atomic emission spectrometer. The usual produc
condition included the 10– 100 Torr Mo~CO!6 vapor, the
0–10-atm rare gas He or Ar, and the filament voltage, wh
corresponded to the filament temperature5 of 300–400 °C.

The cluster size could be generally controlled by diluti
the metal carbonyl vapor with a high pressure of He or
gas even though the size control was difficult in case of
clusters. By increasing the rare-gas pressure, the cluster
was generally decreased.

After the nanoclusters were produced, the reaction ch
ber was pumped out to eliminate the toxic CO’s remaining
the reaction chamber. Then the nanoclusters were expos
air for collection for further experiments such as structu
analysis by using x-ray diffraction~XRD! apparatus, size
analysis by using a transmission electron microscope~TEM!,
and purity analysis by using the inductively coupled plas
atomic emission spectrometer.

The high purity of metallic nanoclusters indicates that t
CO’s hardly contaminated the metal clusters during the c
ter formation reaction under the experimental condition u
in the present experiment. It might be expected that th
could be some physisorption of the CO’s on metal clus
surfaces during cluster formation. However, the cluster te
perature was likely to be close to the filament temperat
~i.e., 300–400 °C! because metallic nanoclusters we
formed close to the filament environment, and thus the C
should be desorbed immediately. Furthermore, it is hig
unlikely that the CO’s were chemisorbed onto the metal cl
ter surface during cluster formation. If the CO’s were chem
sorbed, a large amount of contamination by CO’s and th
dissociation products such as carbons and oxygens sh
have severely degraded the purity of metal clusters, wh
however, has never been observed. The XRD patterns h
never showed any indication of peaks either from metal c
2937 ©2000 The American Physical Society
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bides or from metal oxides. The remaining tiny impuritie
less than 5%, mostly likely came from oxygens and wa
molecules absorbed by metal clusters during exposure to
There was, however, no change in purity, XRD pattern, a
TEM micrograph with time after exposure to air at least fo
few days, which indicates that metallic Cr and Mo nanocl
ters were almost inert to air.

III. RESULTS AND DISCUSSION

A. Cr nanoclusters

Figure 1 represents the TEM micrograph of metallic
nanoclusters. As can be seen in Fig. 1, the individual
clusters with a narrow size distribution were aggregated
a cubic form. Edelsteinet al. also observed a similar aggre
gation in the Mo metal particles produced by using the A
ion sputtering method.6 Thus, the aggregation of the met
clusters is likely a general phenomenon when there exis
high density of metal clusters. Figure 2 represents
cluster-diameter histogram obtained by using cluster dia
eters observed in the TEM micrograph. As can be see
Fig. 2, the cluster-diameter distribution was very narrow a
had a tail toward larger diameters. The tail in the clust
diameter distribution is typical for all metal clusters7–9 and
represents a characteristic log-normal distribution.7 Figure 3
shows the log-normal distribution function fit of the dat
The average cluster diameter was determined to be
60.02 nm.

Figure 4~a! represents the XRD pattern of metallic C
nanoclusters. As can be seen in Fig. 4~a!, the XRD pattern is
a typical XRD pattern of the fcc substance except for
abnormal intensities of the second and third peaks. The
hanced intensities of these two peaks were due to the o
laps of the two bcc and fcc peaks assigned

FIG. 1. The TEM micrograph of metallic Cr nanoclusters
aggregated form. The arrow indicates one of the areas in which
individual Cr nanoclusters can be observed.
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bcc~110!1fcc(200) and bcc~200!1fcc(220) on top of the
corresponding peaks, respectively. The peaks were fitte
the Lorentzian function to obtain the cell constants and
bond lengths as provided in Table I.10 In order to make sure
that the fcc Cr clusters were not metastable, we took
XRD pattern after we slowly annealed the Cr clusters up
500 °C as represented in Fig. 4~b!. Apparently, there is no
change in the XRD pattern, which implies that the fcc stru
ture was due to the small cluster size.

We estimated the ratio in the amount of the bcc cluster
that of the fcc clusters. First, we generated the theoret
XRD patterns of both the bcc and fcc clusters by calculat
the peak intensities11 and by using the observed full width a
half maximum values~FWHM’s! of the peaks and the pea
positions~2u!. They are represented in Figs. 5~a! and 5~b!,
respectively. Then, we added the two theoretical XRD p
terns after we weighted the peak intensities with the ratio
the amount of the bcc clusters to that of the fcc clusters.
repeated the weighting procedure until we reproduced
observed XRD pattern. In weighting the XRD patterns,
used the fact that the ratio in the intensity of the bcc~110!
peak to that of the fcc~200! peak should be 1:2 when equ

he

FIG. 2. Cluster diameter histogram of metallic Cr nanocluste
The total number (Ntotal) of clusters used in the histogram was 63

FIG. 3. The log-normal distribution function fit to the cluste
diameter histogram. Thedc and thes indicate the most probable
cluster diameter and the standard deviation, respectively. The a

age cluster diameter (d̄) was estimated to be 2.6260.02 nm.
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amounts of the bcc and fcc Cr clusters exist. We fina
reproduced the observed XRD pattern as presented in
5~c! by using the ratio of 79~the bcc clusters!: 21 ~the fcc
clusters!.

Cluster size~n! can be calculated by using a simple equ
tion ni>(R/r i)

3f i in which i indicates the cluster structure
i.e., fcc or bcc,ni is the cluster size,R is the cluster radius,r i
is the atomic radius, andf i is the packing fraction~50.68 for
the bcc structure and 0.74 for the fcc structure!.12 In the
above equation,r i is obtained from the cell constant as pr
vided in Table I. Since ther i andf are constants, the reliabil
ity of n depends onR. In order to determinencrit , the critical
cluster diameter (dcrit) should be determined, from which th
critical cluster radius (Rcrit) is obtained by usingRcrit
5dcrit/2. Since the above estimated ratio in the amount of
clusters to that of bcc clusters is not much different fro
50:50,dcrit is likely close to the average cluster diameter
2.6260.02 nm obtained from the cluster-diameter distrib
tion in Fig. 3. Also,dcrit is likely close to the cluster diam
eter, which gives the first 21% of the total area in Fig. 3

FIG. 4. ~a! The XRD pattern of metallic Cr nanoclusters on t
Pt substrate.~b! The XRD pattern of the annealed Cr nanoclust
up to 500 °C on the Pt substrate. The asterisk indicates the Pt~111!
peak. The indices are the Miller indices~hkl!.
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the fcc clusters and the remaining 79% for the bcc clust
Since we know that the cluster structure evolves from the
structure into the bcc structure from the previous3 and
present works, the first 21% area corresponds to the fcc c
ters and the remaining 79% area corresponds to the bcc
ters. From Fig. 3, the cluster diameter that gives the ab
area ratio was determined to be 2.1460.02 nm. Thus, taking
average value from these two cluster diameters fordcrit , the
averageRcrit5(2.6212.14)/451.1960.02 nm. Thus, by us-
ing a simple equationn>(R/r )3f given above and taking the
ncrit5@(ncrit!fcc1(ncrit!bcc#/2, we foundncrit to be 490. The
error in thencrit mostly results from the error in theR and the

s

FIG. 5. ~a! The theoretical XRD pattern of the bcc Cr nanoclu
ters.~b! The theoretical XRD pattern of the fcc Cr nanoclusters.~c!
The combined XRD pattern of the weighted XRD pattern~a! 1 the
weighted XRD pattern~b! and the observed XRD pattern alread
presented in Fig. 4~a! for comparison.
nce
TABLE I. The cell constant (a), the atomic radius (r ), the bond length (2r ) between the nearest atoms, and the bond-length differe
(D2r 52r fcc22r bcc) in nanometers for the group-VI transition-metal clusters.

Cluster Structure a r 2r D2r Reference

Cr fcc 0.413 0.146 0.292 0.040 This work
bcc 0.292 0.126 0.252 This work

0.289 0.125 0.250 15~bulk value!
Mo fcc 0.419 0.148 0.296 0.024 This work; 12

bcc 0.315 0.136 0.272 This work
0.315 0.136 0.272 15~bulk value!

W fcc 0.416 0.147 0.294 0.020 16
bcc 0.317 0.137 0.274 16

0.317 0.137 0.274 15~bulk value!
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error in theR is mostly the range from the averageRcrit .
Taking into account this range, the error in thencrit is 100.

B. Mo nanoclusters

Figures 6~a!–6~e! represent the XRD patterns of metall
Mo nanoclusters prepared at different cluster sizes. The c
ter size increases from~a! to ~e!, which can be noticed from
the decrease of the FWHM of the peaks from~a! to ~e!.3,13

The XRD pattern in Fig. 6~a! consists of the amorphous an
fcc peaks, from which we can notice that the fcc clust
begin to appear. The XRD patterns in Figs. 6~b! and 6~c!
only consist of the fcc structure. The XRD pattern in F
6~d! consists of the fcc and bulk bcc structures with an
ditional tiny hexagonala-Mo2C~101! peak, from which we
can notice that the bcc clusters begin to appear. The clus
in Fig. 6~d! were produced by rapidly decomposing the 3
Torr Mo~CO!6 vapor by using a high filament voltage of 2
V ac, which corresponded to the filament temperature
;650 °C at which a small amount ofa-Mo2C particles were
also produced, similar to the previous experiment on meta

FIG. 6. ~a! The XRD pattern of metallic Mo nanoclusters pr
duced by decomposing the 30-Torr Mo~CO!6 diluted by the 10-atm
He gas.~b! The XRD pattern of metallic Mo nanoclusters produc
by decomposing the 30-Torr Mo~CO!6 diluted by the 10-atm Ar
gas.~c! The XRD pattern of metallic Mo nanoclusters produced
decomposing the 30-Torr Mo~CO!6 diluted by the 4-atm Ar gas.~d!
The XRD pattern of metallic Mo nanoclusters produced by rapi
decomposing 30-Torr Mo~CO!6 by using a high filament voltage o
20 V ac, which corresponded to the filament temperature
;650 °C. ~e! The XRD pattern of metallic Mo nanoclusters pr
pared by melting the above~b! clusters by heating them up to th
melting point of;800 °C for 2 h and then by slowly cooling them
down to the room temperature.
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W nanoclusters.3 Finally, the XRD pattern in Fig. 6~e! only
consists of the bulk bcc structure, which was obtained
heating the above~b! clusters up to the melting point o
;800 °C. The peaks were fitted to the Lorentzian function
obtain the cell constants and the bond lengths as provide
Table I.14

In order to make sure that the fcc Mo nanoclusters w
not metastable as done in metallic Cr nanoclusters, we t
the XRD pattern after we annealed the fcc Mo clusters up
700 °C for 2 h. However, there was no change in the XR
pattern as represented in Fig. 7~b!, which indicates that the
fcc structure was due to the small cluster size. Thus,
XRD patterns presented in Figs. 6~a!–6~e! indicate that the
cluster structure changed from amorphous→fcc→bulk bcc
as cluster size increased.

In order to determine the critical cluster sizencrit , we
used the XRD pattern in Fig. 6~d!, which showed both bcc
and fcc peaks. As done in metallic Cr nanoclusters, thencrit
can be determined from the cluster-diameter distributi
However, one problem in metallic Mo nanoclusters is th
the ratio of the amount of fcc clusters to that of bcc clust
could not be accurately determined because the bcc~110!
peak in Fig. 6~d! was not well resolved from the hexagon
a-Mo2C~101! peak. That is, the peak intensity of the b
~110! peak could not be accurately measured, and thus
accurate ratio in the peak intensity could not be estima
As a result, the ratio in the amount of fcc clusters to that
bcc clusters could not be accurately determined. Thus,
just roughly estimated the range of thencrit as follows. Figure
8 represents the cluster-diameter histogram obtained f
the TEM micrograph, representing a characteristic lo
normal distribution.7 The distribution looks wider than tha
of Cr nanoclusters. This is because Mo nanoclusters in
6~b! were produced under somewhat dramatic conditions
which the a-Mo2C particles were also produced, as d
scribed previously. Figure 9 shows the log-normal distrib
tion function fit of the data. The average cluster diameter w
determined to be 2.4 nm from the fit. Here, the strong int
sities of the fcc clusters in the XRD pattern of Fig. 6~d! are
likely from the Mo nanoclusters with diameter around 2.
60.02 nm, whereas the weak intensity of the bcc cluster

y

f

FIG. 7. ~a! The XRD pattern of metallic Mo nanoclusters
room temperature.~b! The XRD pattern of metallic Mo nanoclus
ters after being annealed up to 700 °C for 2 h.
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likely from the Mo nanoclusters in the tail region. In order
estimate the range of the cluster diameters in the tail reg
that corresponded to the bcc clusters, we estimated the
in the intensities of the fcc~200! peak to the bcc~110! peak
in Fig. 6~d! to be roughly 94:6 by fitting the peaks to th
Lorentzian function. Then, we estimated the ratio in t
amounts of fcc clusters to bcc clusters to be 88:12 by no
that when equal amounts of fcc clusters and bcc clus
exist, the intensity ratio of the fcc~200! peak to the bcc~110!
peak should be 2:1 as done in Cr nanoclusters. Thus,
cluster-diameter range, which gave 12% of the total are
Fig. 9, was 3.6–5.0 nm. By using the same equation
method as used for the Cr nanoclusters, the use ofd of 3.6–
5.0 nm for the tail region provided the range forncrit of
1460–3900.

Scherrer’s formula can be also used to roughly determ
the cluster diameter3,13 and thus the cluster size. In Sche
rer’s formula, the FWHM’s of the peaks in the XRD patte
are used to estimate the cluster diameters.3,13 As done in the
previous work on metallic W nanoclusters,3 the upper bound
of thencrit can be estimated by using the FWHM’s of the b

FIG. 8. Cluster diameter histogram of metallic Mo nanoclust
represented in the XRD pattern of Fig. 6~d!. The total number
(Ntotal) of clusters used in the histogram was 600.

FIG. 9. The log-normal distribution function fit to the clust
diameter histogram. Thedc and thes indicate the most probable
cluster diameter and the standard deviation, respectively. The a

age cluster diameter (d̄) was estimated to be 2.4060.02 nm.
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peaks when the small but well-resolved bcc peaks begin
appear in the XRD pattern, whereas the lower bound of
ncrit can be estimated by using the FWHM’s of the fcc pea
in the same XRD pattern. However, the bcc~110! peak in the
XRD pattern of Fig. 6~d! was not resolved from the hexago
nal a-Mo2C~101! peak so that the reliable FWHM and eve
tually the upper boundncrit from it could not be estimated
The lower bound of thencrit estimated by using the FWHM
~i.e., 1.0°! of the fcc~111! peak in Fig. 6~d! is 3160, which is
within the above range. From these two calculations, it
likely that the ncrit of the metallic Mo nanoclusters is ex
pected to be within the above range.

Compared to the theoretical prediction by Toma´nek,
Mukherjee, and Bennemann,2 our experimental work is gen
erally consistent with it. First, we observed the fcc structu
when cluster size was small, as predicted by theory. Sec
the estimatedncrit is somewhat close to the theoretically pr
dicted values.

C. Why is ncrit „W clusters…Ìncrit „Mo clusters…
Ìncrit „Cr clusters…?

Table II summarizes thencrit’s determined from the
present and previous works. As provided in Table II, t
order in the ncrit is ncrit~W clusters).ncrit~Mo clusters)
.ncrit~Cr clusters). We could explain the above observat
by using the bond lengths obtained from the XRD data. Fr
Table I, two important observations on the bond length c
be noticed:~1! the bond length (2r ) of the fcc structure
is greater than the 2r of the bulk bcc structure for
all metal clusters and~2! the bond-length difference (D2r
52r fcc22r bcc) is D2r (Cr clusters).D2r (Mo clusters)
.D2r (W clusters). The first observation explains wh
the structure changes from the fcc structure into the b
bcc structure as cluster size increases, and the second o
vation explains why ncrit~W clusters).ncrit~Mo clusters)
.ncrit~Cr clusters).

First, the larger 2r of the fcc structure than that of the bc
structure for all metal clusters is due to the larger coordi
tion number of the fcc structure~5 12! than the bcc structure
~5 8!.17 Since 2r of the fcc structure is larger than that of th
bcc structure, the bonding of the fcc structure is weaker t
that of the bcc structure. However, since the fcc struct
provides the nanoclusters with a lower surface energy~even-
tually a lower cluster energy! due to a lower surface to vol
ume ratio than the bcc structure,2,18 the small nanoclusters
have the fcc structure rather than the bulk bcc structure
observed. However, as cluster size increases, the surfac
volume ratio becomes negligible, and thus the surfa

s

er-

TABLE II. The critical cluster sizencrit determined from the
present and previous works and the theoretical values.

Cluster ncrit Reference

Cr 4906100 This work
580 2

Mo 1460–3900 This work
2630 2

W 7200–10 470 3
5660 2
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energy contribution to cluster energy will be negligible. F
nally, the clusters will have the bulk bcc structure in order
minimize the cluster energy through the energy gain
tained from the stronger bonding of the bcc structure. Thi
the reason that the group-VI transition-metal clusters cha
their structure from the fcc structure into the bulk bcc stru
ture as cluster size increases.

Second, the observed trend in theD2r is due to the fact
that the heavy atom has more extra electrons for bond
than the light atom, and thus the heavy-atom cluster
better deal with the coordination number increase than
light-atom cluster. Thus, the bond length of the fcc struct
did not much change from that of the bcc structure in cas
heavy-atom clusters. This implies~i! that the stability of the
fcc structure with respect to that of the bcc structure wh
n!ncrit is better for the clusters with smallerD2r than those
with the largerD2r and~ii ! that the stability increase of th
fcc structure withn ~i.e., the slope of the fcc structure in Fig
10! is larger for clusters with smallerD2r than those with
largerD2r . As a result, the crossing between the fcc and
curves in Fig. 10 will occur at largern for the clusters with
smaller D2r than those with largerD2r . Thus, the larger

FIG. 10. The qualitative graphical presentation for the expla
tion of the ncrit(W clusters).ncrit(Mo clusters).ncrit(Cr clusters).
The stability curve of the bcc structure was chosen to be the c
mon for all metal clusters for convenience sake although each m
cluster has its own curve.
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ncrit occurs in clusters with smallerD2r . A combined
graphical explanation of these statements~i! and~ii ! is given
in Fig. 10. Thus, thencrit will be such thatncrit~W clusters)
.ncrit~Mo clusters).ncrit~Cr clusters), which is consisten
with the theoretical prediction.2

IV. CONCLUSION

We can answer the question why the small group-
nanoclusters possessed fcc structure rather than bulk
structure when cluster size was small by considering
cluster energy because the cluster structure is determine
the cluster energy. For small clusters, the surface-to-volu
ratio is so huge that the surface energy plays the critical
in determining the cluster energy. Note that the fcc struct
is more compact than the bcc structure and thus provide
smaller number of surface atoms than the bcc structure. A
result, the fcc structure provides a lower surface ene
~eventually a lower cluster energy! than the bcc structure
This is the reason why small clusters have fcc struct
rather than bulk bcc structure. We observed that the b
length of the fcc structure was longer than that of the b
structure. Thus, the bonding of the fcc structure was wea
than that of the bulk bcc structure. However, the fcc struct
of the small nanoclusters proves that the surface energ
the small clusters is very important in the cluster ener
However, as cluster size increases, the surface-to-volum
tio decreases~and eventually becomes negligible when t
cluster size approaches the bulk limit!. In these circum-
stances, the surface-energy effect on the cluster energ
negligible, and thus the clusters will have bulk bcc structu
in order to have a lower cluster energy through the ene
gain obtained from the stronger bonding of the bcc structu
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