
Self-Arrangement of Molybdenum Particles 
into Cubes 

An unusual distribution of particle sizes has been observed following the formation of 
molybdenum particles by argon ion sputtering. Many of the molybdenum particles 
produced by sputtering at the threshold pressure for particle formation in the vapor 
appear to be single crystalline cubes. There are two prominent peaks in the edge length 
distribution of the cubes, one centered at 4.8 mometers  with a halhidth of 
approximately 1.3 nanometers and the other at 17.5 nanometers. The peak for the 
larger cubes is approximately square and has a total width of 7.0 nanometers. Evidence 
is presented that the larger cubes are formed by a 3 by 3 by 3 self-arrangement of the 
smaller cubes, which contain approximately 7000 atoms. Self-arrangement in inor- 
ganic structures is normally only observed when the building blocks are atoms, 
molecules, or clusters of less than 100 atoms. 

S ELF-ARRANGEMENT IS COMMON IN 

nature and occurs in biology and when 
atoms crystallize. In nonorganic sys- 

tems, individual atoms or molecules are usu- 
ally the only building blocks. However, 
some NaCl clusters ( I ) ,  containing as many 
as 100 atoms, form stable structures com- 
posed of six-atom rings. Here we report 
evidence that individual body-centered cu- 
bic (bcc), single crystalline Mo cubes with 
approximately 10 to 20 atoms on an edge, 
produced in the vapor by sputtering at high 
pressures, may self-arrange in the vapor into 
large cubes that are a 3 by 3 by 3 superstruc- 
ture of the small cubes. The small Mo parti- 
cles may act as the building blocks in forming 
the large cubes. Further, the small bcc Mo 
cubes, containing approximately 7000 atoms, 
are all aligned with their (100) faces parallel to 
one another in the large cubes. 

We observed this unusual self-arrange- 
ment during a more extensive investigation 
(2, 3) of particle formation in the vapor. 
Particle formation in the vapor has been 
extensively studied (4, 5). For example, 
Chaudhari and Matthews (5) previously 
showed that their MgO crystallites have 
right-angle (100) faces and that there was 
zero twist angle between the crystallites in 
most clusters. 

We sputtered Mo atoms at high Ar pres- 
sures so that the mean free path of the atoms 
is very short and they have many collisions 
with one another before reaching the sub- 
strate. If the density of atoms in the gas is 
high enough, that is, if the Ar pressure is 
above some threshold value, particles con- 
taining a thousand or more atoms will form 
in the vapor. If the Ar pressure is below this 
value, then the process is similar to conven- 
tional sputtering where atoms or small clus- 

ters of atoms are deposited on a substrate to 
form a film. We believe the reason for the 
existence of a threshold is related to the fact 
that particles are unstable unless the ratio of 
interior atoms to surface atoms is large 
enough (6). Thus, stable particles must be 
larger than some critical size, which is typi- 
cally 2 to 5 nm. If there are not enough 
collisions, then the particles do not grow 
large enough to be stable. 

We estimated (3) that the diffusion rate 
(velocity) of these particles in the Ar vapor 
to the substrate is onlv cm s-'. To 
increase the deposition rate, we set up a 
convective current in the Ar gas which then 

carries the particles to the substrate. This 
was done by cooling the substrate to liquid 
nitrogen temperatures, which creates a large 
temperature gradient between the substrate 
and the region near the target where the 
sputtering occurs (7). The substrate is an 
amorphous carbon film on a tungsten grid 
which was used in transmission electron 
microscope (TEM) measurements. The 
TEM measurements were performed using 
both a JEOL 200CX operated at 200 keV 
and a JEOL 4000FX high resolution TEM 
operated at 400 keV. 

For Mo sputtered at 60 and 100 mtorr, 
the Mo is deposited as a film in which the 
individual grains grow in the form of col- 
umns perpendicular to the substrate (8). 
When the pressure is 150, 200, 300, 400, 
and 500 mtorr the deposition consisted 
solely of particles. Thus, there is a threshold 
pressure, approximately 150 mtorr, for par- 
ticle formation to occur. For Mo sputtered 
at 200 mtorr or above, we observed most of 
the particles were nearly spherical in shape 
and they had the broad size distribution 
typical of particles grown in the vapor (9). 
For Mo sputtered at 150 mtorr, we found 
that both the particle shape and their size 
distribution are unusual. As illustrated in the 
TEM micrographs shown in Figs. 1 and 2, 
many particles have square projected areas. 
An examination of 202 particles in a TEM 
micrograph shows that there are two prom- 
inent peaks in the edge length distribution 

- 

A. S. EdeIsnin, G. M. Chow, E. I. Alrman, R. J. Colmn, 
Naval R e s e d  Laboratory, washington, DC 20375. Fig. 1. TEM bright-field micrograph of the Mo particles sputtered in an Ar pressure of 150 mtorr which 
D. M. Hwang, Bellcore, Red Bank, NJ 07701-7040. shows the 3 by 3 internal structure. The inset shows an enlarged view. 
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of the cubes, one centered at 4.8 nm (corre- 
sponding to 15 unit cell lengths) with a 
halfwidth of approximately 1.3 nm, and the 
other at 17.5 nm. The peak for the larger 
cubes is approximately square and has a total 
width of 7.0 nm. Within this set, none of the 
particles had an edge length between 9 and 
14 nm. 

As shown in Fig. 1, the projected areas of 
the large particles are almost always squares. 
Based on symmetry considerations, we 
thought that the larger particles were cubes 
with their faces lying flat on the carbon 
substrate. We co&&ed this by tilting the 
grid in an ekcmn microscope and observ- 
ing the expected hexagonal images of cubes 
viewed along a < 11 1 > direction. We also 
performed scanning tunneling microscopy, 
STM, measurements on films composed of 
these particles. The STM scans are consis- 
tent with the films containing some particles 
having flat faces and a vertical height of 
approximately 10 to 20 nm. Close examina- 
tion of the projected images in Fig. 1 (see 
the inset of Fig. 1) shows that the large 
particles have a 3 by 3 internal structure. 
- Selected area el&n diffraction patterns 
of the particles consist of polycrystalline 
diffraction rings and a diffuse background. 
The diffuse background is identical to that 
obtained from the amorphous carbon film of 
the TEM grid alone. The lattice spacings 
calculated from the diffraction rings agree to 
within 1% with the spacings of (1 101, (2001, 
(1 121, and (220) planes, of bulk bcc Mo. In 
high resolution micrographs, as shown in 
Fig. 3, we observed lamce fringes running 
diagonally across most of the large particles 
when the carbon film was in a horizontal 
orientation. The spacing determined from 
these fringes is 0.225 -c 0.002 nm which 
agrees with the (110) plane spacing of Mo. 
Since most large particles show crossed 
(1 10) fringes, for example (110) and (liO), 
the elearon beam is along the [OOl] direc- 
tion. From this we k& that the large 
particles are lying flat or at most a few 
degrees away from lying flat with their (100) 
faces on the carbon film. 

Due to their size and the reduced contrast, 
the small particles are not as well resolved as 
the large particles. There are at least as many 
small particles as large ones with square im- 
ages as illwmted in Fig. 2. There are also 
many small particles with unresolved shapes. 
Many small particles also exhibited the 0.225- 
nm lamce fringes, but mostly only along one 
direction. We speculate that the small parti- 
cles are mostly also cubes. However, due to 
the roughness of carbon substrate and the 
small cube faces. the small cubes mav not 
always lie flat on ;he substrate with a prhcipal 
axis pointing upward. 

From the di&action patterns and the lat- 
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Fig. 2. TEM bright-field micrograph showing 
that the small particles appear to have square 
corners. 

tice images we know that most of the parti- 
cles are bcc Mo. Though amorphous phases 
would not have been detected because of the 
large background scattering off the amor- 
phous carbon substrate, our measurements 
place an upper limit of 1% on the amount of 
a second crystalline phase. 

We have considered mechanisms for the 
growth of these particles in the vapor. At the 
threshold pressure, most of the Mo atoms 
may be udked in forming particles of the 
critical size, that is, the smaller particles, and 
few are left over for further growth. In this 
case, further growth must proceed via colli- 
sions between the smaller particles. This is 
certainly possible since particle collision is a 

standard growth mechanism (10) for parti- 
cles in the vapor phase. In this interpreta- 
tion, the larger particles consist of a 3 by 3 
by 3 arrangement of the smaller particles in 
a simple cubic superstructure. The internal 
structure seen in Fig. 1 arises from structural 
defects at the interfaces of the smaller parti- 
cles which have not been completely an- 
nealed during coalescence. In some of the 
large particles, we can observe bending of 
the (110) lamce fringes which can be inter- 
preted as nonperfect alignment between the 
smaller particles. The fact that the ratio of 
the average size of the large particles to that 
of the small particles is 3.6 is consistent with 
this supers&cture model. There are possi- 
ble reasons, such as nonperfea packing of 
the unequally sized, small particles, for the 
ratio being larger than 3. The alignment 
dong (100) facets is similar to that observed 
by Chaudhari and Matthews for their MgO 
nanoaystals. In our case, because the collid- 
ing particles have a relatively narrow size 
distribution, it is possible that they can 
self-arrange after collision into a larger reg- 
ular structure. 

In the conventional growth mechanism 
the large particles would grow atom by 
atom. There are several things that are trou- 
blesome about this explanation. First, one 
would have expected to see a much more 
continuous size distribution for the particle 
sizes, rather than the bimodal distribution 
that we have observed. Secondly, the struc- 
ture of the large cubes is very unusual. 

Fig. 3. High resolution TEM micrograph of one of the large Mo particles showing the (110) 
interference fringes. 
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Crystals usually grow (11)  as regular poly- 1375 (1987). 

h e h a  or as denhitic which may 5. P. Chaudhari and J. W. Matthews, Appl .  Phys. Lett. 
17, 115 (1970). 

have dislocations but do not have the kind 6. F. F. Abraham. Homowneous Nucleation Theon, (Ac- 
1 \ 

of regdar 3 by 3 internal structure shown in ademic Press, New ~Grk ,  1974). 
7. A preliminary investigation indicates that the unusu- Fig. 1. a1 particle formation is less prevalent if the substrate 

There are obviouslv many unanswered is Lot cooled. 

questions. F~~ exampie, wh; are the small 8. Such columnar growth is typical when the substrate 
temperature is much less than the melting tempera- 

metallic particles cubes? Why is the 3 by 3 ture, 
by 3 superstructure of the- large 
stable? In this connection it should be noted 
that in experiments (12)  in which particles 
are formed by spraying atoms out of a 
nozzle, some configurations are much more 
stable than others. 
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San Andreas Fault Zone Head Waves 
Near Parkfield, California 
YEHUDA BEN-ZION* AND PETER &INt 

Microearthquake seismograms from the borehole seismic network on the San Andreas 
fault near Parkfield, California, provide three lines of evidence that first P arrivals are 
"head" waves refracted along the cross-fault material contrast. First, the travel time 
difference between these arrivals and secondary phases identified as direct P waves 
scales linearly with the source-receiver distance. Second, these arrivals have the 
emergent wave character associated in theory and practice with refracted head waves 
instead of the sharp first breaks associated with direct P arrivals. Third, the first 
motion polarities of the emergent arrivals are reversed from those of the direct P waves 
as predicted by the theory of fault zone head waves for slip on the San Andreas fault. 
The presence of fault zone head waves in local seismic network data may help account 
for scatter in earthquake locations and source mechanisms. The fault zone head waves 
indicate that the velocity contrast across the San Andreas fault near Parkfield is 
approximately 4 percent. Further studies of these waves may provide a way of assessing 
changes in the physical state of the fault system. 

E MERGENT FIRST ARRIVALS IN SEIS- 

rnic records of earthquake monitor- 
ing networks often confuse efforts to 

interpret the initial ground motion caused 
by an earthquake. Emergent phases have 
been ascribed to various wave-propagation 
effects in the earth, such as refraction along 
horizontal layer boundaries and intrinsic 

.attenuation of an otherwise sharp direct 
pulse. In this report, we discuss observation- 
al evidence for emergent first arrivals result- 
ing from vertical material boundaries at a 
major crustal fault. On the basis of travel 
time and first motion polarity differences 
between emergent and sharp arrivals from 
Parkfield area earthquakes, we propose that 
the emergent arrivals are fault zone head 
waves refracted along the material contrast 

Department of Geological Sciences, University of South- between the two sides of the sari h d r e a s  ern California, Los Angeles, CA 90089 and Institute of 
Crustal Studies, University of California at Santa Bar- fault (1-3). 
bara, CA 93106. Figvre 1 shows schematic rav ~ a t h s  of " i l 

*present address: Depament of Earth and Planetary head waves and regular geometrical arrivals 
Sciences, Hmard  University, 24 Oxford Street, Cam- for subsurface receivers in a simplified fault 
bridge, MA 02138. 
tPresent address: Department of Geology, Duke Uni- geometry two quarter- 
versity, Durham, NC 27706. spaces. In the higher velocity medium 1, 

Fig. 1. Ray paths in faster (medium 1)  and slower 
(medium 2) joined quarter-spaces; 0 denotes the 
source-receiver angle used in Fig. 2. 

there are two arrivals. The first is the direct 
wave, and the second is the wave reflected 
bv the free surface. In the lower velocitv 
medium 2, on the other hand, there are four 
distinct arrivals. The first is the head wave, 
the second is the direct wave. the third is a 
head wave reflected by the free surface, and 
the fourth is the free surface reflection of the 
direct wave. 

The waveform character and motion DO- 

larity of head waves and direct arrivals are 
illustrated in Fig. 2. In the faster medium 
the first motion is that of a sham direct 
wave, whereas in the slower medium grad- 
ual buildup of head wave amplitude pro- 
duces an emergent pulse that precedesthe 
sharp opposite polarity motion of the direct 
wave ( 1 ) .  In the absence of material con- 
trast, the waves to the right of the fault are 
the reversed images of the sharp direct waves 
at corresponding points to the left of the 
fault. 

To obtain field evidence for fault zone 
head waves, we examined seismograms from 
75 microearthquakes in the Parkfield section 
of the San Andreas fault (4) (Fig. 3 ) .  The 

I 
3 Time (s) 4 

Fig. 2. Comparison of near-fault synthetic seis- 
mograms in faster (solid lines) and slower (dashed 
lines) joined quarter-spaces. Media velocities are 
3.2 and 3.0 h i s ,  respectively. An antiplane line 
source dislocation of 1 cm operates at a depth of 
10 km along the material interface at time = 0. 
Receivers are on the free surface at angular offset 
from the fault indicated by 0 (positive clockwise). 
[Adapted from ( I ) ]  
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