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Nanosized iron clusters investigated with in situ transmission
electron microscopy

T. Vystavel, G. Palasantzas, S. A. Koch, and J. Th. M. De Hossona)

Department of Applied Physics, Materials Science Centre and the Netherlands Institute for Metals
Research, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

~Received 2 October 2002; accepted 18 November 2002!

Transmission electron microscopy is employed for investigating the structural stability of nanosized
iron clusters as deposited and afterin situ annealing treatments under high vacuum conditions. The
thin iron oxide shell that is formed around the iron clusters~upon air exposure! is of the order of 2
nm surrounding a 5 nmcore of body-centered-cubic~bcc! iron. The oxide shell breaks down upon
annealing at relatively low temperatures (;500 °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 immobile~upon 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 forms. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1536716#
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Recently, a strong impetus has been given to studie
nanocluster/nanostructured thin layers for two m
reasons.1–6 The first stems from the demand of miniaturiz
tion of electronic devices. Specifically, one would like
grow well-organized nanometer-size islands with spec
electronic properties. The second reason finds its origin
tailoring nanostructured materials for specific mechan
and tribological properties that differ from their bulk cou
terparts. The precise reasons for these effects is curre
under investigation, but one can cite the presence of a
nificant fraction of atoms in configurations different from th
bulk, for example, in interfaces. In particular nanosized cl
ters are grown under nonequilibrium conditions, which
lows one to obtain metastable systems. Because one av
the effects of nucleation and growth on a specific subst
by direct cluster deposition, functional film properties m
be tailored by choosing appropriate preparation condition

Especially, studies of nanometer scale magnetic clus
have been attractive because of the potential application
high-density magnetic recording media. Because a large f
tion of atoms in nanoclusters~sizes ;5 nm) are surface
atoms, the thermal and magnetic properties7–9 are quite dif-
ferent from the bulk counterparts. Although many investig
tions of low-temperature physical properties of magne
nanoclusters have been performed,10–16 only a few studies
have been conducted on nanocluster properties at hi
temperatures.7,17 The latter are necessary because device
eration might lead to heating and alteration of structu
components that may affect the functional performan
Therefore, in this work, we study the structure of nanome
size iron clusters and their response to high temperat
with in situ transmission electron microscopy~TEM! experi-
ments.

Cluster deposition was performed using a NC20
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nanocluster source manufactured by Oxford Appli
Research.2 It is based on the gas aggregation technique18

using a magnetron sputtering device to create an atomic
por. The advantage of the method is that a relatively mo
disperse size distribution can be produced. Sputtered at
combine in a flow of rare gas~argon at a pressure 4
31024 mbar) to form clusters. The chamber base press
was ;1028 mbar, while during operation helium was als
used as a cluster drift gas at a pressure;331025 mbar. The
magnetron power was set to;75 W ~300 V and plasma
current;0.25 A). Clusters were deposited directly on Si3N4

and carbon support films of thickness 20 nm for TEM ana
sis.

The TEM analysis of the as-grown clusters indicates t
an oxidation process occurs, as long as the sample is exp
to air even during sample transfer from the cluster sou
apparatus to the JEOL2010F transmission electron mi
scope. The typical cluster exhibited in Fig. 1 is composed

il:FIG. 1. TEM picture of one iron cluster exposed to air. Lattice fring
correspond well with$110% planes of bulka-iron.
© 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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an iron oxide shell19 with thickness approximately 2 nm an
the iron core of typical diameter 5 nm. From electron diffra
tion studies as well as lattice spacing measurements of
metallic core, we conclude that the crystal structure co
sponds to body-centered-cubic~bcc! iron.

However, the original shape of the clusters is altered
the oxide shell formation. For the type of oxide shell arou
the iron clusters, there are various possibilities. The m
abundant form of iron oxide isg-Fe2O3 ~Ref. 20! while in
the present system the Fe3O4 can not be excluded eithe
Indeed, Dupuiset al.19 studied iron thin films (,100 nm)

FIG. 2. Dense iron nanocluster film at 500 °C and 650 °C. At the la
temperature, nanocluster fusion takes place.

FIG. 3. ~Color! TEM bright-field image and the corresponding elemen
mapping by using energy filtered TEM~red: iron, blue: oxygen!.
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composed of 2–6 nm diameter clusters, and they found
20% of their sample had been converted to both Fe3O4 and
g-Fe2O3. The oxidation of iron requires the addition of oxy
gen to the cluster, which results in an increase of the clu
size. However, the shell of oxide is thermally unstable due
its nanometer scale thickness (;2 nm) against even moder
ate cluster annealing at temperaturesT–T mFe/3, with T mFe

as the melting temperature of bulk iron (T mFe51538 °C).
In situ TEM annealing at a pressure;1024 mbar was

r

l

FIG. 4. Lattice imaging of two nanoclusters afterin situ annealing in TEM.
The iron oxide shell is decomposed. The clusters are oriented with respe
the electron beam as follows:~a! ^111& bcc and~b! ^100& bcc. ~c! Drawings
of ^100& projection of truncated rhombic dodecahedron with schematic
planation of the truncation fractionl2 /l1 .
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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performed to study the development of the cluster struct
At 500 °C, cluster fusion starts to take place. Clusters t
are in contact merge to form larger ones~see also Fig. 2!,
while isolated clusters stay intact and are rather immob
There is no evidence for surface diffusion of the individu
clusters. Figure 3 shows the decomposition of the iron ox
shell after annealing. In this case, no iron oxide phase
detectable either by elemental mapping or by diffract
studies. Nevertheless, an elemental map of oxygen indic
that oxygen-rich areas~without any iron present! remain on
the surface beyond the iron cluster area, which is likely d
to substrate oxidation~Fig. 3!. In Fig. 3, a sample drift dur-
ing elemental mapping can be excluded as the orientatio
the oxygen-rich areas clearly indicates~arrows in Fig. 4!.
After annealing and thermal break up of the oxide shell t
surrounds the iron clusters, the crystal structure of the
maining clusters still remains bcc.

The most stable structures21 for medium-sized clusters
~i.e., 100–10 000 atoms! calculated using an empirical many
body potential function are the bcc rhombic dodecahed
with 12 pseudoclose-packed$110% faces~having the lowest
surface energy for bcc structures,22 as is supported also b
calculations using the density-functional theory!,23 and the
icosahedron which is favorable for smaller clusters. A tra
sition from icosahedron to bcc rhombic dodecahedron is p
dicted for cluster sizes of approximately 2000 atoms.21 In
addition, another possibility for stable iron clusters can
cuboctahedron@face-centered-cubic~fcc!# and truncated
decahedron,21 which could be feasible for clusters small
than those in the present work.

Two typical cluster shapes observed after thein situ
heating experiments are displayed in Fig. 4. The octahe
shape of thê100& projection@Fig. 4~b!# in combination with
the ^111& projection @Fig. 4~a!# leads to the conclusion tha
this shape corresponds to truncated rhombic dodecahed
exposing 12$110% faces, 6$100% faces, and 8$111% faces.
The truncation of theoretically envisaged rhombic dodeca
dron increases the spherical shape of the cluster althou
also increases the fraction of the energetically less favor
faces. The degree of truncation can be described by the
l2 /l1 @Fig. 4~c!# based on the Wulff construction. Whe
l2 /l150, there is no truncation of the rhombic dodecah
dron, while whenl2 /l151, we have a fully truncated
shape, i.e., a cuboctahedron. An average experimental v
of the l2 /l1 fraction is l2 /l150.56560.05, which yields
the fraction of surface energiesg100/g11051.02 if we use the
relation l2 /l1522&(g100/g110) for rhombic dodecahe
dron. This result confirms comparable surface energies
$100% and $110% planes found by quantum-mechanic
calculations.23

In conclusion, we investigated the structural evoluti
due to annealing treatments of iron nanoclusters by mean
TEM. The thin layer of iron oxide formed around the iro
clusters is of the order of 2 nm surrounding a 5 nmcore of
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bcc iron. Such an oxide shell breaks down at relatively l
temperatures;500 °C leading to pure iron particles. Annea
ing of clusters in contact leads to fusion and formation
larger clusters~preserving their crystallographic structur!
free of oxide. On the other hand, isolated clusters app
rather immobile. Finally, structural characteristics of r
formed clusters~either isolated or generated by fusion
other clusters! differ from former theoretical predictions re
garding calculations of stable structural forms21 since our
results favor truncated polyhedron for relatively large clus
sizes. The theoretical calculations concern static propertie
0 K of free clusters, ignoring temperature effects and clus
dynamics.21 The latter is not expected to play a major role
our case since the ratiog100/g110 is close to that of the Wulff
construction, while any influence arising from the presen
of a substrate is also excluded.
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