PHYSICAL REVIEW B VOLUME 62, NUMBER 4 15 JULY 2000-II

Critical cluster size of metallic Cr and Mo nanoclusters
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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-offibi¢ structure for small Cr and Mo nanoclusters rather
than a bulk body-centered-culfioco) structure. We determined the critical cluster gigg to be 490- 100 for
metallic Cr nanoclusters and the range of thg to be 1460—-3900 for metallic Mo nanoclusters at which a
structural transition from the fcc structure into the bulk bcc structure occurred.

I. INTRODUCTION used as a filament. The filament was heated by flowing al-
ternating currentac through the filament.

Although the structural studies on metal clusters with the A certain amount of metal carbonyl sample that corre-
cluster sizen<10 are numerousthose on metallic nano- sponded to a certain vapor pressure was weighed and then
clusters withn between 10 and 10000 are few. It is an in- loaded into the reaction chamber. The reaction chamber was
trinsic question whether or not the metal clusters will mono-heated up to 150°C or so in order to vaporize the metal
tonically approach the bulk structure as increases. carbonyl sample, which in turn became decomposed into the
However, the metal clusters carry a large surface energy benetal atoms and the CO’s by the hot filament as described
cause of a large surface-to-volume ratio and thus can havegeviously. The final products were the black and metallic
structure different from the bulk structure in order to de-nanoclusters with a narrow size distribution and with a purity
crease a large surface energy. of more than 95% determined by the inductively coupled

Tomanek, Mukherjee, and Bennemann had theoreticallyplasma atomic emission spectrometer. The usual production
predicted that metal clusters with a bulk body-centered-cubigondition included the 10—100 Torr MGO)g vapor, the
(bco structure would have a face-centered-culioc) struc-  0—10-atm rare gas He or Ar, and the filament voltage, which
ture whenn is small? In fact, we observed a structural evo- corresponded to the filament temperafure300-400 °C.
lution from amorphous-face-centered-cublfcc) —bulk The cluster size could be generally controlled by diluting
body-centered-cubibcc) structures asn increased in the the metal carbonyl vapor with a high pressure of He or Ar
previous work on metallic W nanoclustersyhich proved  gas even though the size control was difficult in case of Cr
the existence of the fcc structure predicted by Toala  clusters. By increasing the rare-gas pressure, the cluster size
Mukherjee, and Bennemann. was generally decreased.

In this work, we investigated the structural evolution of  After the nanoclusters were produced, the reaction cham-
metallic Mo nanoclusters with increasing We observed ber was pumped out to eliminate the toxic CO’s remaining in
that the  structure  evolved such that thethe reaction chamber. Then the nanoclusters were exposed to
amorphous-fcc—bcc structures as increased, similar to air for collection for further experiments such as structural
metallic W nanoclusters. We determined the critical clustermnalysis by using x-ray diffractiofiXRD) apparatus, size
size ng; for both the Cr and Mo nanoclusters at which analysis by using a transmission electron microsdajM),

a structural transition from the fcc structure into the bulkand purity analysis by using the inductively coupled plasma
bcc structure occurred. We discussed why thg, was  atomic emission spectrometer.

in the order of ngu(W clusters>ng;(Mo clusters The high purity of metallic nanoclusters indicates that the

>ngit(Cr clusters for the group-VI transition-metal clusters. CO’s hardly contaminated the metal clusters during the clus-

ter formation reaction under the experimental condition used

Il EXPERIMENT in the present exper!ment: It might be expected that there

could be some physisorption of the CO’s on metal cluster

Metallic Cr and Mo nanoclusters were produced by usingsurfaces during cluster formation. However, the cluster tem-
the thermal decomposition method that had been previouslgerature was likely to be close to the filament temperature
described in detafl. This method combines thermal decom- (i.e., 300—-400°C because metallic nanoclusters were
position of the metal carbonyM(CO)g (M=Cr and Mg  formed close to the filament environment, and thus the CO’s
vapor by using a resistively heated filament with collision-should be desorbed immediately. Furthermore, it is highly
induced clustering between the decomposed neutral meketal unlikely that the CO’s were chemisorbed onto the metal clus-
atoms. The reaction begins with a hot filament, which de+ter surface during cluster formation. If the CO’s were chemi-
composes théM(CO)g vapor into the neutraM atoms and sorbed, a large amount of contamination by CO’s and their
the CO'’s, and then subsequent collisions between the decordissociation products such as carbons and oxygens should
posed neutral metal atoms lead to the metallic nanoclusterbave severely degraded the purity of metal clusters, which,
In this method, the nichrom@i/Cr/Fe alloy wire was used however, has never been observed. The XRD patterns have
as a filament. However, any kind of resistive material can barever showed any indication of peaks either from metal car-
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FIG. 2. Cluster diameter histogram of metallic Cr nanoclusters.
The total numberN,,) of clusters used in the histogram was 631.

bca110+fcc(200) and bc@00 +fcc(220) on top of the
corresponding peaks, respectively. The peaks were fitted to
the Lorentzian function to obtain the cell constants and the
bond lengths as provided in Tablé%In order to make sure
FIG. 1. The TEM micrograph of metallic Cr nanoclusters in that the fcc Cr clusters were not metastable, we took the
ggg_rt_agated form. The arrow indicates one of the areas in which thgpp pattern after we slowly annealed the Cr clusters up to
individual Cr nanoclusters can be observed. 500°C as represented in Fig(b} Apparently, there is no

change in the XRD pattern, which implies that the fcc struc-
bides or from metal oxides. The remaining tiny impurities, tyure was due to the small cluster size.

less than 5%, mostly likely came from oxygens and water \We estimated the ratio in the amount of the bcc clusters to
molecules absorbed by metal clusters during exposure to aifhat of the fcc clusters. First, we generated the theoretical
There was, however, no change in purity, XRD pattern, angRD patterns of both the bcc and fcc clusters by calculating
TEM micrograph with time after exposure to air at least for athe peak intensitié$ and by using the observed full width at
few days, which indicates that metallic Cr and Mo nanoclus-alf maximum valuesFWHM'’s) of the peaks and the peak
ters were almost inert to air. positions(26). They are represented in Figsaband 5b),
respectively. Then, we added the two theoretical XRD pat-
terns after we weighted the peak intensities with the ratio of
the amount of the bcc clusters to that of the fcc clusters. We
A. Cr nanoclusters repeated the weighting procedure until we reproduced the
. . . observed XRD pattern. In weighting the XRD patterns, we
Figure 1 represents the TEM micrograph of metallic crused the fact that the ratio in the intensity of the t&0)

nanoclusters. As can be seen in Fig. 1, the individual Cr .
clusters with a narrow size distribution were aggregated intrg)eak to that of the fc¢200 peak should be 1:2 when equal

a cubic form. Edelsteiet al. also observed a similar aggre-

Ill. RESULTS AND DISCUSSION

gation in the Mo metal particles produced by using the Ar- 150

ion sputtering methofl.Thus, the aggregation of the metal

clusters is likely a general phenomenon when there exists a £ ¢ fd_ata

high density of metal clusters. Figure 2 represents the Zwo — :fit i §
cluster-diameter histogram obtained by using cluster diam- & "7 N = N exp(-(Indld,) /2(Inc))
eters observed in the TEM micrograph. As can be seen in 3 N°_=133

Fig. 2, the cluster-diameter distribution was very narrow and u;.’ d°_'1255 nm

had a tail toward larger diameters. The tail in the cluster- & e

diameter distribution is typical for all metal clust&r$and g 501

represents a characteristic log-normal distribufidfigure 3 2

shows the log-normal distribution function fit of the data.

The average cluster diameter was determined to be 2.62 0 aay

+0.02nm. 0 6 8 10

Figure 4a) represents the XRD pattern of metallic Cr
nanoclusters. As can be seen in Figa)4the XRD pattern is
a typical XRD pattern of the fcc substance except for the FIG. 3. The log-normal distribution function fit to the cluster
abnormal intensities of the second and third peaks. The ertiameter histogram. Thd, and theo indicate the most probable
hanced intensities of these two peaks were due to the ovecluster diameter and the standard deviation, respectively. The aver-
laps of the two bcc and fcc peaks assigned asge cluster diameted] was estimated to be 2.62.02 nm.

cluster diameter (d) in nm
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FIG. 4. () The XRD pattern of metallic Cr nanoclusters on the
Pt substrate(b) The XRD pattern of the annealed Cr nanoclusters
up to 500 °C on the Pt substrate. The asterisk indicates thELBt
peak. The indices are the Miller indicéskl).
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amounts of the bcc and fcc Cr clusters exist. We finally 20
r5eprcl))duceq theh obsgrve;j 7XRhD gatterln as p';fer%tei in Fig. FIG. 5. (a) The theoretical XRD pattern of the bcc Cr nanoclus-
(c) by using the ratio of 79the bcc clusteys (the fcc ters.(b) The theoretical XRD pattern of the fcc Cr nanoclustécs.

clusters. The combined XRD pattern of the weighted XRD pattén+ the

~ Cluster Sizegn) can be calculated by using a simple equa-eighted XRD patterrib) and the observed XRD pattern already
tion n;=(R/r;)>f; in which i indicates the cluster structure, presented in Fig. @) for comparison.

i.e., fcc or been; is the cluster sizeR is the cluster radius;;

is the atomic radius, anfj is the packing fractiolt=0.68 for .
the bce structure and 0.74 for the fcc strucidfeln the the fcc clusters and the remaining 79% for the bcc clusters.

above equation;; is obtained from the cell constant as pro- Since we know that the cluster structure evolves from the fcc

vided in Table I. Since the, andf are constants, the reliabil- Structure into the bcc structure from the previblend
ity of n depends oR. In order to determine,, the critical ~ Present works, the first 21% area corresponds to the fcc clus-

cluster diameterd.,;) should be determined, from which the t€rs and the remaining 79% area corresponds to the bcc clus-
critical cluster radius R.y) is obtained by usingR., ters- From Fig. 3, the cluster diameter that gives the above
=d/2. Since the above estimated ratio in the amount of fc@rea ratio was determined to be 2:1@.02 nm. Thus, taking
clusters to that of bcc clusters is not much different fromaverage value from these two cluster diametersifgy, the
50:50,d; is likely close to the average cluster diameter ofaverageRq=(2.62+2.14)/4=1.19+0.02 nm. Thus, by us-
2.62+0.02 nm obtained from the cluster-diameter distribu-ing a simple equation=(R/r)*f given above and taking the
tion in Fig. 3. Also,d. is likely close to the cluster diam- ngii=[ (NgritdiceT (Neritbecl/2, We foundng,;; to be 490. The
eter, which gives the first 21% of the total area in Fig. 3 forerror in then.;; mostly results from the error in tHiR and the

TABLE I. The cell constantd), the atomic radiusr(), the bond length () between the nearest atoms, and the bond-length difference
(A2r =2r¢.—2ry in nanometers for the group-VI transition-metal clusters.

Cluster Structure a r 2r A2r 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 18bulk 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 18ulk 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 18ulk valug
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FIG. 7. (8 The XRD pattern of metallic Mo nanoclusters at
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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W nanoclusters.Finally, the XRD pattern in Fig. @) only
consists of the bulk bcc structure, which was obtained by
heating the aboveb) clusters up to the melting point of
30 35 40 45 50 ~800 °C. The peaks were fitted to the Lorentzian function to
20 obtain the cell constants and the bond lengths as provided in
Table 11

FIG. 6. (&) The XRD pattern of metallic Mo nanoclusters pro- In order to make sure that the_ fce Mo nanoclusters were
duced by decomposing the 30-Torr M2D), diluted by the 10-atm not metastable as done in metallic Cr nanoclusters, we took
He gas.(b) The XRD pattern of metallic Mo nanoclusters produced the XRD pattern after we annealed the fcc Mo Clysters up to
by decomposing the 30-Torr MBO), diluted by the 10-atm Ar /00 °C for 2 h. However, there was no change in the XRD
gas.(c) The XRD pattern of metallic Mo nanoclusters produced by Pattern as represented in Figb¥, which indicates that the
decomposing the 30-Torr MGO), diluted by the 4-atm Ar gasd) fcc structure was due to the small cluster size. Thus, the
The XRD pattern of metallic Mo nanoclusters produced by rapidlyXRD patterns presented in Figs(a$-6(e) indicate that the
decomposing 30-Torr M&O), by using a high filament voltage of cluster structure changed from amorphedsc—bulk bcc
20 V ac, which corresponded to the filament temperature ofs cluster size increased.
~650°C. (e) The XRD pattern of metallic Mo nanoclusters pre-  In order to determine the critical cluster simg;, we
pared by melting the abowu) clusters by heating them up to the used the XRD pattern in Fig.(6), which showed both bcc
melting point of~800 °C for 2 h and then by slowly cooling them and fcc peaks. As done in metallic Cr nanoclusters,nthe

down to the room temperature. can be determined from the cluster-diameter distribution.
However, one problem in metallic Mo nanoclusters is that

error in theR is mostly the range from the average,;. the ratio of the amount of fcc clusters to that of bcc clusters

Taking into account this range, the error in thg; is 100. could not be accurately determined because the(b&6)

peak in Fig. &d) was not well resolved from the hexagonal
a-M0,C(101) peak. That is, the peak intensity of the bcc
B. Mo nanoclusters (110 peak could not be accurately measured, and thus the
Figures 6a)—6(e) represent the XRD patterns of metallic accurate ratio in the peak intensity could not be estimated.
Mo nanoclusters prepared at different cluster sizes. The clusAs a result, the ratio in the amount of fcc clusters to that of
ter size increases froif@) to (e), which can be noticed from bcc clusters could not be accurately determined. Thus, we
the decrease of the FWHM of the peaks fréan to (€).>1®  just roughly estimated the range of thg; as follows. Figure
The XRD pattern in Fig. @ consists of the amorphous and 8 represents the cluster-diameter histogram obtained from
fcc peaks, from which we can notice that the fcc clusterdshe TEM micrograph, representing a characteristic log-
begin to appear. The XRD patterns in Figgb)eand §c)  normal distributiorf. The distribution looks wider than that
only consist of the fcc structure. The XRD pattern in Fig. of Cr nanoclusters. This is because Mo nanoclusters in Fig.
6(d) consists of the fcc and bulk bcc structures with an ad-6(b) were produced under somewhat dramatic conditions in
ditional tiny hexagonak-Mo,C(101) peak, from which we which the a-Mo,C particles were also produced, as de-
can notice that the bcc clusters begin to appear. The clusteseribed previously. Figure 9 shows the log-normal distribu-
in Fig. 6(d) were produced by rapidly decomposing the 30-tion function fit of the data. The average cluster diameter was
Torr Mo(CO)g vapor by using a high filament voltage of 20 determined to be 2.4 nm from the fit. Here, the strong inten-
V ac, which corresponded to the filament temperature osities of the fcc clusters in the XRD pattern of Figdpare
~650 °C at which a small amount af-Mo,C particles were likely from the Mo nanoclusters with diameter around 2.40
also produced, similar to the previous experiment on metallict 0.02 nm, whereas the weak intensity of the bcc clusters is
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80 TABLE Il. The critical cluster sizen.,; determined from the
present and previous works and the theoretical values.
3 60 N = 800 Cluster Nerit Reference
4
g Cr 490+ 100 This work
= 580 2
© 40 .
s Mo 1460-3900 This work
5 2630 2
£ 2. W 7200-10 470 3
2 5660 2
04— ' LT N— — .
0 2 4 6 8 10 peaks when the small but well-resolved bcc peaks begin to
cluster diameter (d) in nm appear in the XRD pattern, whereas the lower bound of the

N can be estimated by using the FWHM'’s of the fcc peaks
FIG. 8. Cluster diameter histogram of metallic Mo nanoclustersin the same XRD pattern. However, the §&d0 peak in the
represented in the XRD pattern of Fig(ds The total number XRD pattern of Fig. 6d) was not resolved from the hexago-
(Niota) Of clusters used in the histogram was 600. nal a-Mo,C(101) peak so that the reliable FWHM and even-
tually the upper bound; from it could not be estimated.
likely from the Mo nanoclusters in the tail region. In order to The lower bound of the; estimated by using the FWHM
estimate the range of the cluster diameters in the tail regiofi-., 1.09 of the fcc(111) peak in Fig. 6d) is 3160, which is
that corresponded to the bcce clusters, we estimated the ratiithin the above range. From these two calculations, it is
in the intensities of the fc€200) peak to the bc¢110) peak  likely that the ng;; of the metallic Mo nanoclusters is ex-
in Fig. 6d) to be roughly 94:6 by fitting the peaks to the pected to be within the above range.
Lorentzian function. Then, we estimated the ratio in the Compared to the theoretical prediction by Torek,
amounts of fcc clusters to bee clusters to be 88:12 by notindlukherjee, and Bennemadrour experimental work is gen-
that when equa| amounts of fcc clusters and bcc C|u5tergra||y consistent with it. First, we observed the fcc structure
exist, the intensity ratio of the fd@00) peak to the bc€110)  when cluster size was small, as predicted by theory. Second,
peak should be 2:1 as done in Cr nanoclusters. Thus, tH&e estimated. is somewhat close to the theoretically pre-
cluster-diameter range, which gave 12% of the total area idlicted values.
Fig. 9, was 3.6—5.0 nm. By using the same equation and

method as used for the Cr nanoclusters, the uskaff3.6— C. Why is N (W clusters)>n; (Mo clusters)
5.0 nm for the tail region provided the range fog,; of >n (Crclusters) ?
1460-3900.

Scherrer’s formula can be also used to roughly determine Table I summarizes thengi’'s detgrmmgd from the
the cluster diametdt3 and thus the cluster size. In Scher- PreSent and previous works. As provided in Table II, the
rer's formula, the FWHM'’s of the peaks in the XRD pattern order in the Nege IS Ne(W clustt_ars)> Ne(Mo clusters) .
are used to estimate the cluster diametdfsAs done in the - Nert(Cr clusters). We could explain the above observation
previous work on metallic W nanoclustéréhe upper bound by using the bond lengths obtaln_ed from the XRD data. From
of then,, can be estimated by using the FWHM's of the bCCTable I., two important observations on the bond length can

be noticed:(1) the bond length () of the fcc structure

% is greater than the r2 of the bulk bcc structure for
all metal clusters and2) the bond-length differenceA@r
o o :data =2rec— 2lped IS A2r(CrclustersyA2r (Mo clusters)

e 2 it >A2r(Wclusters). The first observation explains why
N= N exp(-{Indid,)’2(Inc)’) the structure changes from the fcc structure into the bulk
N, =66 bcc structure as cluster size increases, and the second obser-
d =2.1nm vation explains why n(W clusters)yn.;(Mo clusters)
c=14 >nii(Cr clusters).

First, the larger 2 of the fcc structure than that of the bcc
structure for all metal clusters is due to the larger coordina-
tion number of the fcc structure= 12) than the bcc structure
(= 8).1 Since 2 of the fcc structure is larger than that of the
bcce structure, the bonding of the fcc structure is weaker than
o 2  a 6 8 10 that of the bcc structure. However, since the fcc structure

cluster diameter (d) in nm provides the nanoclusters with a lower surface enéeggn-
tually a lower cluster energydue to a lower surface to vol-

FIG. 9. The log-normal distribution function fit to the cluster ume ratio than the bcc structu?é® the small nanoclusters
diameter histogram. The, and theo indicate the most probable have the fcc structure rather than the bulk bcc structure, as
cluster diameter and the standard deviation, respectively. The avepbserved. However, as cluster size increases, the surface-to-
age cluster diameted] was estimated to be 2.40.02 nm. volume ratio becomes negligible, and thus the surface-

2]
o
1

number of clusters (N)
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Ngit occurs in clusters with smalleA2r. A combined
I W cluster graphical explanation of these statemeintsnd (ii) is given
I1: Mo cluster in Fig. 10. Thus, then; will be such thatn(W clusters)
HE: Cr cluster > neif(Mo clusters)> ng;(Cr clusters), which is consistent
with the theoretical predictiof.

IV. CONCLUSION

We can answer the question why the small group-VI
nanoclusters possessed fcc structure rather than bulk bcc
structure when cluster size was small by considering the
cluster energy because the cluster structure is determined by
: ' the cluster energy. For small clusters, the surface-to-volume
ratio is so huge that the surface energy plays the critical role
in determining the cluster energy. Note that the fcc structure

FIG. 10. The qualitative graphical presentation for the explanalS More compact than the bec structure and thus provides a
tion of the ng;(W clusters)> ney(Mo clustersj>nq(Crclusters).  Smaller number of surface atoms than the bcc structure. As a
The stability curve of the bec structure was chosen to be the comesult, the fcc structure provides a lower surface energy

mon for all metal clusters for convenience sake although each metéﬁ\/_en_tua"y a lower cluster energyhan the bcc structure.
cluster has its own curve. This is the reason why small clusters have fcc structure

rather than bulk bcc structure. We observed that the bond
energy contribution to cluster energy will be negligible. Fi- length of the fcc structure was longer than that of the bcc
nally, the clusters will have the bulk bce structure in order tostructure. Thus, the bonding of the fcc structure was weaker
minimize the cluster energy through the energy gain obihan that of the bulk becce structure. However, the fcc structure
tained from the stronger bonding of the bcc structure. This i®f the small nanoclusters proves that the surface energy of
the reason that the group-VI transition-metal clusters changéhe small clusters is very important in the cluster energy.
their structure from the fcc structure into the bulk bce struc-However, as cluster size increases, the surface-to-volume ra-
ture as cluster size increases. tio decreasegand eventually becomes negligible when the
Second, the observed trend in thér is due to the fact Cluster size approaches the bulk limiin these circum-
that the heavy atom has more extra electrons for bondingtances, the surface-energy effect on the cluster energy is
than the light atom, and thus the heavy-atom cluster cafegligible, and thus the clusters will have bulk bcc structure
better deal with the coordination number increase than thé order to have a lower cluster energy through the energy
light-atom cluster. Thus, the bond length of the fcc structuregain obtained from the stronger bonding of the bce structure.
did not much change from that of the bcc structure in case of
heavy-atom clusters. This impliés that the stability of the
fcc structure with respect to that of the bcc structure when
n<<ng; is better for the clusters with smallar2r than those This work was supported by the KOSEF and KRF. We
with the largerA2r and(ii) that the stability increase of the thank the Korea Basic Science Institute for allowing us to
fce structure witn (i.e., the slope of the fcc structure in Fig. use the x-ray diffraction apparatus, the transmission electron
10) is larger for clusters with smallek2r than those with microscope, and the inductively coupled plasma atomic
largerA2r. As a result, the crossing between the fcc and bcemission spectrometer. We also thank Professor Kit Bowen
curves in Fig. 10 will occur at larger for the clusters with  at Johns Hopkins University and Professor Y. H. Lee at
smaller A2r than those with largeA2r. Thus, the larger Cheonpook National University for insightful discussions.
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