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Nanosized iron clusters investigated with in situ transmission
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Transmission electron microscopy is employed for investigating the structural stability of nanosized
iron clusters as deposited and afteisitu annealing treatments under high vacuum conditions. The
thin iron oxide shell that is formed around the iron clust@nson air exposupes of the order of 2

nm surroundig a 5 nmcore of body-centered-cubibcg) iron. The oxide shell breaks down upon
annealing at relatively low temperatures %00 °C) leading to pure iron particles having a bcc
crystal structure. Annealing of clusters, which are in contact, leads to their fusion and formation of
larger clusters preserving their crystallographic structure and being free of any oxide shell. On the
other hand, isolated clusters appear rather immotifgon annealing The truncated rhombic
dodecahedron was found as the most probable shape of the clusters which differs from former
theoretical predictions based on calculations of stable structural form&003 American Institute

of Physics. [DOI: 10.1063/1.1536716

Recently, a strong impetus has been given to studies afanocluster source manufactured by Oxford Applied
nanocluster/nanostructured thin layers for two mainResearch.lIt is based on the gas aggregation technitjue,
reasons® The first stems from the demand of miniaturiza- using a magnetron sputtering device to create an atomic va-
tion of electronic devices. Specifically, one would like to por. The advantage of the method is that a relatively mono-
grow well-organized nanometer-size islands with specificdisperse size distribution can be produced. Sputtered atoms
electronic properties. The second reason finds its origin itombine in a flow of rare gagargon at a pressure 4
tailoring nanostructured materials for specific mechanical< 10 * mbar) to form clusters. The chamber base pressure
and tribological properties that differ from their bulk coun- was ~10 8 mbar, while during operation helium was also
terparts. The precise reasons for these effects is currentlysed as a cluster drift gas at a pressu@x 10> mbar. The
under investigation, but one can cite the presence of a signagnetron power was set to 75W (300 V and plasma
nificant fraction of atoms in configurations different from the current~0.25 A). Clusters were deposited directly o3M$j
bulk, for example, in interfaces. In particular nanosized clus@nd carbon support films of thickness 20 nm for TEM analy-
ters are grown under nonequilibrium conditions, which al-Sis.
lows one to obtain metastable systems. Because one avoids The TEM analysis of the as-grown clusters indicates that
the effects of nucleation and growth on a specific substrat@n oxidation process occurs, as long as the sample is exposed
by direct cluster deposition, functional film properties mayto air even during sample transfer from the cluster source
be tailored by choosing appropriate preparation conditions.apparatus to the JEOL2010F transmission electron micro-

Especially, studies of nanometer scale magnetic clusterscope. The typical cluster exhibited in Fig. 1 is composed of
have been attractive because of the potential applications in
high-density magnetic recording media. Because a large frac-
tion of atoms in nanoclusterésizes ~5 nm) are surface
atoms, the thermal and magnetic propeftidsre quite dif-
ferent from the bulk counterparts. Although many investiga-
tions of low-temperature physical properties of magnetic
nanoclusters have been perfornt&dt® only a few studies
have been conducted on nanocluster properties at higher
temperature$’ The latter are necessary because device op-
eration might lead to heating and alteration of structural
components that may affect the functional performance.
Therefore, in this work, we study the structure of nanometer-
size iron clusters and their response to high temperatures
with in situ transmission electron microscopVEM) experi-
ments.

Cluster deposition was performed using a NC200U

3Author to whom all correspondence should be addressed:; electronic maiFIG. 1. TEM picture of one iron cluster exposed to air. Lattice fringes
hossonj@phys.rug.nl correspond well witf110; planes of bulka-iron.
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FIG. 2. Dense iron nanocluster film at 500 °C and 650 °C. At the latter
temperature, nanocluster fusion takes place.

an iron oxide shelf with thickness approximately 2 nm and
the iron core of typical diameter 5 nm. From electron diffrac-
tion studies as well as lattice spacing measurements of the
metallic core, we conclude that the crystal structure corre-
sponds to body-centered-culilaco) iron.

However, the original shape of the clusters is altered by
the oxide shell formation. For the type of oxide shell around
the iron clusters, there are various possibilities. The most
abundant form of iron oxide iy-Fe,O5 (Ref. 20 while in
the present system the f&& can not be excluded either.
Indeed, Dupuiset al!® studied iron thin films €100 nm)

Vystavel et al.

FIG. 4. Lattice imaging of two nanoclusters aftersitu annealing in TEM.

The iron oxide shell is decomposed. The clusters are oriented with respect to
the electron beam as follow&) (111) bcc and(b) (100) bece. (c) Drawings

of (100 projection of truncated rhombic dodecahedron with schematic ex-
planation of the truncation fractiok, /\; .

composed of 2—6 nm diameter clusters, and they found that
20% of their sample had been converted to bothOzeand
v-F&,0;. The oxidation of iron requires the addition of oxy-

2 On m gen to the cluster, which results in an increase of the cluster
e —

size. However, the shell of oxide is thermally unstable due to
its nanometer scale thickness 2 nm) against even moder-
ate cluster annealing at temperatufiesT ,r/3, With T e

FIG. 3. (Colon TEM bright-field image and the corresponding elemental @S the melting temperature of bulk irof fre=1538°C).

mapping by using energy filtered TEMed: iron, blue: oxygen

In situ TEM annealing at a pressure10 * mbar was
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performed to study the development of the cluster structurebcc iron. Such an oxide shell breaks down at relatively low
At 500 °C, cluster fusion starts to take place. Clusters thatemperatures-500 °C leading to pure iron particles. Anneal-
are in contact merge to form larger ong®e also Fig. 2 ing of clusters in contact leads to fusion and formation of
while isolated clusters stay intact and are rather immobilelarger clusters(preserving their crystallographic structure
There is no evidence for surface diffusion of the individualfree of oxide. On the other hand, isolated clusters appear
clusters. Figure 3 shows the decomposition of the iron oxideather immobile. Finally, structural characteristics of re-
shell after annealing. In this case, no iron oxide phase iformed clusters(either isolated or generated by fusion of
detectable either by elemental mapping or by diffractionother clustersdiffer from former theoretical predictions re-
studies. Nevertheless, an elemental map of oxygen indicategrding calculations of stable structural fofhsince our
that oxygen-rich area@vithout any iron presefjremain on  results favor truncated polyhedron for relatively large cluster
the surface beyond the iron cluster area, which is likely duesizes. The theoretical calculations concern static properties at
to substrate oxidatiofFig. 3). In Fig. 3, a sample drift dur- 0 K of free clusters, ignoring temperature effects and cluster
ing elemental mapping can be excluded as the orientation afynamics?! The latter is not expected to play a major role in
the oxygen-rich areas clearly indicatémrows in Fig. 4. our case since the ratip, oo/ v1101S close to that of the Wulff
After annealing and thermal break up of the oxide shell thatonstruction, while any influence arising from the presence
surrounds the iron clusters, the crystal structure of the reef a substrate is also excluded.

maining clusters still remains bcc.
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