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Structural dynamics of gas-phase molybdenum nanoclusters:
A transmission electron microscopy study
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In this paper we study structural aspects of molybdenum clusters by transmission electron
microscopy. The deposited clusters with sizes 4 nm or larger show a body-centered (bgstal
structure. The clusters are self-assembled from smaller structural units and form cuboids with a
typical size of 4 nm or larger. With reducing cluster size, the face-centered cfietabtructure
appears due to dominance of surface energy minimization, while self-assembly into large cuboids
with sizes up to 30 nm is still observed. Our observation implies that the basic building blocks of
large cuboids are actually not smaller cubes. Annealing leads to cluster coalescence at temperatures
~800 °C, with the crystal habit changing to truncated rhombic dodecahedron for isolated clusters,
while the large cuboidally shaped particles become more faceted polyhed2@0® American
Institute of Physic§ DOI: 10.1063/1.1886261

Materials built up from nanostructure constituents cansuggested that contact of the cubes leads to a lower surface
have fundamentally different properties than conventionaknergy so as to explain the self-organization into larger cubes
materials' ™ Size-dependent effects can be expected to apFig. 1).
pear when the building blocks are smaller than a certain criti-  In this article we present results on the structural evolu-
cal dimension. In addition, interfaces play a major role intion of molybdenum metal nanoclusters as a function of clus-
thin films derived from nanosized clusters. Although theter size at room temperature as-deposited, and during high
structural studies on metal clusters consistingd0" atoms  temperature annealing. We show evidence that the structural
are numerou§ those on metallic clusters with between'10 ynit that composes the self-assembled cuboids does not have
and 10 atoms are relatively few. In general the particlesa perfectly cubic crystal habit. The clusters were produced
have the form of polyhedra with various degrees of truncayith a NC200U nanocluster source from Oxford Applied Re-
tion since these shapes will lead to surface energy minimizasegrch Ltd (http://lwww.oaresearch.co.ukMetal atoms were
tion for particles formed at equilibrium, or because of kinet'sputtered from a pure Mo target and condensed into clusters

ics where the shape is determined by the rate at whick, 4 argon-filled aggregation regionAr pressure
different crystal faces grow. The combination of factors such_q 4 mba}. To make clusters smaller than 3 nm, a He drift

as temperature, kinetics, impurities, and surface energy efaq was introduced in addition to the Ar. The clusters were

fects can lead to extraordinary nanoparticle shapes and sifg,sited onto silicon nitride membranes of thickness 10 nm

distributions. . for analysis in a JEOL 2010F transmission electron micro-
Because the metal clusters carry a relatively large sur:

. cope.n situannealing in TEM offers the unique possibilit
face energy, they can have a structure different from the buI§ P 9 que p y

) . f monitoring not only changes in cluster size due to coales-
in order to lower the surface energy. It has been predicte . . .

. cence, but also in crystal structure, habit, and oxide coverage
that metal clusters with a bulk bcc structure would have a fcc . ) i

as a function of temperature in real time.

structure for a small number of cluster atofifsMore spe- The as-deposited Mo nanoclusters havéa crvstal
cifically, x-ray diffraction experiments with molybdenum tructure for clp ster diameteB >4 nm. while for snzaller
clusters have shown that a structural evolution occurs frorr?I ut ure uf ! tal struct . ’fW e 2 Th
amorphous-fcc— bcc structure as the number of constitu- Cluster sizes a fcc crystal structure is formédg. 2). The

ent atoms increasédt has been proposed that Mo clusters a;bs.ence of oxide, gnher_wnh bcclor fee ?tructtqmesplte
can have either thd15 or bce structuré. In general, the their exposure to air during sample transfer to TEWaS

crystal habit for clusters with a bce structure has been sugeonfirmed by electron diffraction and electron energy loss

gested to be the truncated rhombic dodecaheliioduding ~ SPectroscopy. For the small clust¢Fsg. 2a)], the measure-
many elements such as Mo, Nb, Fe,V, and®%In addi-  ment from the Fourier transforfFig. 2b)] yields a lattice
tion, self-arrangement of individual particles into larger SPacing 0.213 nm for th€200) planes and 0.242 nm for the
cubes made out of 8 3% 3 smaller cubic particles has been (111) planes. The latter yields a ratio 1.14 which is compa-
reported in the case of Md:'?Existing within a narrow size rable to a fcc ratio of 2Y3 (=1.16. For nanoclusters of
distribution, collisions between 5.5 nm Mo cubes have alsdl460—-3900 atoms, the structural transitions between fcc to
been investigatet:>When the Mo cubes collided, they be- bcc have been shown to take pldde. our case we observe
came self-organized into22X2, 3X3X 3, and 4X4X4  such a change for clusters sizes around 3 nm. Note that the
arrangements of the smaller 5.5 nm cube¥.1t has been  fcc structure is more compact than the bcc structure and that
the fcc structure provides a lower surface energy, and even-

JElectronic mail: g.palasantzas@rug.nl tually at small sizes a lower cluster energy than the bcc struc-
PElectronic mail: j.t.m.de.hosson@rug.nl ture.
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FIG. 2. (8) TEM image of a small cluster approximately 2.5 nm in sidg.
Characteristic angles of a fcc structure in the power spectra.

where if the growth of th€100) facet is faster than that of
the (110, then the resulting particle will be cuboidally
shaped. The presumption of a cuboidal shape is supported by
the measurement of the phase change of the object wave by

50 nm ’ electron holography, which has been successfully applied in

—— the analysis of nanoparticle shagésn the absence of any

) electric and magnetic field in the sample and neglecting dy-
namical diffraction effect$® the phase change is given by

’ AD=Cg-Vy-t, where Cc=7.28-16 mt eV for 200 kV
" electronsV, is the mean inner crystal potential in units of eV
andt is the object thickness in units of meter. The phase
change is therefore linearly dependent on object thickness.
The reconstructed phase from an electron hologram is shown
' in Fig. 3. The nearly constant phase in the projected object
5 reconstructed from holograms acquired in several orienta-
51/nm tions close tq100 zone axis in order to minimize dynamical
diffraction effects excludes a cuboctahedral crystal habit.

FIG. 1. (a) TEM bright field picture of Mo nanoclusters deposited onto On C.Io.ser inspection of the Mo particles in Figgbll
SizN, membrane(b) HRTEM image along th€100 orientation, projection and o) it is clear that the apparent cubes have malformed
of rthombic dodecahedron is superimpos@iLarge cuboidally shaped par- €dges, which indicates that the building block or unit Mo
ticle surrounded by noncubic small clusters of sizé nm.(d) Selected area
electron diffraction from the large cuboid (o) splitting of (110 peaks due
to self-assembly.

As Fig. 1(b) shows, the Mo cluster viewed along the
(100 projection appears to have a square shaped crystal
habit, which could be the two-dimensional projection of a
cuboctahedron or a cuboidally shaped particle. The uniform
size distribution, as shown for example in Figajl is re-
quired for self-assembly if this is to decrease the surface
energy. Assuming a Wulff construction with the minimum
radial distance to every face proportional to the correspond-
ing surface energy, for the cube particle the surface energies
for the facets(100) and (110 should obey the constraint FIG. 3. Phase change within a Mo cluster of a size 20 nm lying onMN,Si
7100/ Yi10= 1/\*'5-5 However, calculations for bcc Mo have membrane reconstructed from an electron hologram demonstrating nearly

: ~ 13 : : constant thickness in projected direction. The hologram taken at biprism
shown ratios yioo/ y110~1.45;" which_imply untruncated voltage adjusted to give 0.5 nm fringes was recorded ona ik a Gatan

1 [ 5 . .
rhombic dodecahedron oy,og/ y110= V2. Nonetheless the muyitiscan 794IF CCD camera. The phase was reconstructed using the

shape of the crystal habit can also be determined by kineticsioloworks© (Ref. 19 software package.
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posure to air. With reducing cluster size &3 nm, the fcc
structure appears due to dominance of surface energy mini-

> : mization, while self-assembly into large cuboids-e80 nm
b is still observed. Our observations indicate that the basic
structural units of these large cuboids are not smaller par-
’ . ’ ticles of a cubic shape but likely of the rhombic dodecahe-
» o _*® dron type. Annealing of the clusters leads to their coales-

cence at high temperatures of approximately 800 °C, with

, ¢ ;- z the crystal habit changing to truncated rhombic dodecahe-
50 nm~ » dron for isolated clusters. The truncation is more pronounced

- upon increasing annealing temperature and time, leading to

FIG. 4. TEM image of a large particle surrounded by smaller clusters ateP@rticles with a shape corresponding to truncated rhombic
high temperature annealing at 900 °C. dodecahedron.
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