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Abstract Size-selected iron and iron–cobalt alloy clusters
have been studied with high resolution transmission electron
microscopy (HRTEM) and scanning tunneling microscopy
(STM). The clusters were produced by a continuously work-
ing arc cluster ion source and subsequently size-selected by
an electrostatic quadrupole deflector. The crystalline struc-
ture of pure clusters has been investigated with HRTEM to
ensure a reliable determination of the lattice parameter for
the alloy clusters. The composition of the alloy clusters was
checked with energy dispersive X-ray spectroscopy (EDX).
The height of the deposited FeCo clusters on the (110) sur-
face of tungsten was determined via STM. These results
were compared with the lateral size distribution being inves-
tigated by TEM and allow a conclusion on the shape of the
deposited alloy clusters. Furthermore, the behavior of the al-
loy clusters on the W(110) surface at elevated temperatures
has been examined, at which the clusters show anisotropic
spreading.

PACS 61.46.-w · 68.37.Ef · 68.37.Og · 81.07.-b

1 Introduction

The physical properties of nano-sized clusters significantly
differ from the corresponding bulk material. Melting point,
electronic and magnetic properties of such clusters exhibit
differences when compared to macroscopic material due

F. Bulut (�) · W. Rosellen · M. Getzlaff
Institut für Angewandte Physik, Universität Düsseldorf,
Universitätsstr. 1, 40225 Düsseldorf, Germany
e-mail: furkan.bulut@uni-duesseldorf.de

to decreasing coordination numbers and a high surface-to-
volume ratio. A large number of surface atoms, e.g., de-
creases the melting point of a nanocluster to well below its
known bulk value [1].

The possible applications for magnetic and electronic de-
vices is the main motivation for a scientific interest when ex-
ploring physical properties of nanoparticles [2]. Due to the
tremendous miniaturization of such devices during the last
three decades this understanding has now become indispens-
able [3].

Furthermore, free magnetic clusters up to 700 atoms ex-
hibit enhanced magnetic moments strongly depending on
the size of the clusters [4, 5]. However, they show bulk val-
ues already at diameters above 2 nm. For clusters deposited
on surfaces, on the other hand, magnetic moments can still
exhibit an enhancement for sizes up to a few 10.000 atoms.
The results concerning the magnetism of nanoclusters up to
12 nm can be found in [6, 7]. For a better understanding of
this different behavior, it is therefore essential to investigate
the structural properties of nano-sized magnetic clusters.

The shape of small clusters and their morphology after
deposition on surfaces has been studied by several authors
using molecular-dynamics calculations [8–11]. A detailed
analysis of cluster surface interactions can be found in [12].

However, the experiments found in the literature and
mentioned above were carried out with smaller clusters as
the ones discussed here; the clusters deposited on W(110)
surfaces exhibit sizes between 4 and 12 nm. So, several
deposition experiments have been performed to character-
ize the clusters after landing on a hard substrate. First, it
is interesting to find out whether the shape of the clusters
is changing after deposition on the substrate. The question
whether clusters are mobile on the W(110) surface at room
and elevated temperatures and whether there exist prefer-
ential adsorption sites on the single-crystalline surface like
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Fig. 1 The (111) layer of an iron cluster with the corresponding FFT
signal in the inset

step edges will also be answered. By doing so, one can de-
termine the probability of an agglomeration of the clusters
on the surface. Since the deposition takes place in the soft-
landing regime, meaning that the kinetic energy per atom in
a cluster is less than 0.1 eV, fragmentation of clusters after
landing or damage of the surface after collision is not ex-
pected [9].

In this work, in situ scanning tunneling microscopy
(STM) investigations concerning FeCo alloy clusters de-
posited on a clean W(110) surface will be presented. The
clusters were formed in a hollow cathode after an arc erosion
and were size selected with an electrostatic deflector prior
to landing on the surface. The results were compared with
high resolution transmission electron microscopy (HRTEM)
images of the same clusters with respective deposition pa-
rameters. The combination of these two methods gives an
idea of the shape of the clusters on the crystalline surface,
since information on lateral size of the cluster cannot reli-
ably be extracted from STM experiments. HRTEM is also a
powerful tool for the determination of crystalline structure.
Furthermore, the behavior of FeCo alloy clusters on W(110)
at elevated temperatures has been examined.

In the next section, the experimental setup is presented.
Subsequently, the results for nearly free clusters and clus-
ters deposited on a tungsten substrate at room temperature
will be discussed. Additionally, the behavior with increas-
ing temperature is presented.

It should be mentioned that the particles reported here
posses sizes of a few nanometers. Therefore, these clus-
ters represent nanoparticles in contrary to the common sense
used in the literature, where clusters are formations made up
of only a few atoms.

2 Experimental

The preparation of the tungsten crystal, the cluster deposi-
tion experiments, and STM investigations are performed un-
der UHV conditions. The base pressure in the entire vacuum

Fig. 2 HRTEM image of an FeCo cluster exhibiting a plane in (100)
orientation

chamber system is well below 5 × 10−10 mbar. The sys-
tem consists of four chambers; the first one being the clus-
ter source connected to the quadrupole chamber. The third
chamber, including the STM unit, is connected at a right an-
gle to the quadrupole chamber and on the opposite side to
the crystal preparation chamber. Only the HRTEM experi-
ments are carried out ex situ, which leads to an oxide shell
around the clusters. The preparation of a W(110) surface is
well known in the literature [13]. The crystal is heated for
about 90 minutes at 1600 K with an oxygen partial pressure
of 1 × 10−6 mbar. In a second step, the crystal is flashed to
about 2300 K to get rid of oxides. This procedure guarantees
a well ordered and atomically clean W(110) surface.

The structure and cleanliness of the surface was charac-
terized by LEED (low energy electron diffraction) and AES
(auger electron spectroscopy), respectively.

The FeCo clusters are produced with a continuously
working arc cluster ion source (ACIS) [14]. Due to an arc
ignited between the anode and as a cathode acting target
atoms are sputtered from this target at an argon pressure of
10 mbar. The metal atoms condense to clusters in the hol-
low cathode and undergo a supersonic expansion through an
extender. Pumping stages cause the pressure to fall gradu-
ally along two skimmers until UHV conditions are reached
in the quadrupole chamber.

This preparation procedure results in a large amount of
charged particles. Therefore, the clusters are subsequently
size-selected with an electrostatic quadrupole by deflecting
them at a right angle to the sample in a last step. Assuming a
uniform charge distribution and a uniform velocity, this en-
ergy filter acts as a mass filter. The deflection potential UQuad

varies between 250 and 1000 V. The sample is about 70 cm
away from the quadrupole exit to prevent a size difference
caused by the divergence of the cluster beam.

The STM used in these experiments is a MicroSPM from
OMICRON. Tunneling was performed in constant current
mode. The STM chamber was supported with a pneumatic
vibration isolation system.
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Fig. 3 1.3 µm × 1.3 µm TEM image of size-selected cluster with a
deflection potential UQuad = 500 V

The ex situ TEM experiments were performed with a
Philips CM300 FEG/UT, possessing a 300 kV acceleration
voltage. For the higher resolution TEM experiments, a FEI
Tecnai 20T with a field emission gun operating at 200 kV
was used. The TEM apparatus also enables an EDX analy-
sis for stoichiometric investigations.

3 Results and discussion

3.1 Crystalline structure of size-selected nearly free Fe and
FeCo alloy clusters

Prior to the investigation of the crystalline properties of
FeCo clusters, the lattice parameter of pure iron clusters has
been determined. An investigation with a pure material con-
cerning the reliability when determining the lattice parame-
ter is important, since the lattice parameter of an alloy can
change by varying the stoichiometry [15]. Figure 1 shows
an HRTEM image of a single Fe cluster on a TEM-grid with
a size of about 9 nm. According to the FFT signal, this par-
ticular image corresponds to a BCC (111) orientation. After
evaluating the spots one can determine a lattice parameter
of (0.290 ± 0.005) nm for the Fe cluster. This value is in
good agreement with the theoretical value of 0.2867 nm for
α-iron [16]. Thus, TEM can be used as a powerful tool to
determine lattice parameters for alloys with different stoi-
chiometry, too.

For Fe1−xCox , the alloy exhibits an ordered BCC struc-
ture (CsCl structure) up to 80% of Co, i.e., up to x ≤ 0.8.
Above this value, i.e., for x > 0.8, the alloy material is
found in FCC structure [17]. The target material for the al-
loy clusters consists of Fe48Co48V2. Similar results using
EDX investigations for an assembly of clusters has been
observed. The vanadium peak amounts to about 1% of the
total amount. A (55 : 44) ± 10% relation for the Fe : Co
composition in the alloy clusters was found. Therefore, a
BCC structure is expected. The HRTEM image (see Fig. 2)

Fig. 4 652 nm × 652 nm STM image of size-selected clusters with
UQuad = 500 V (U = 1 V, I = 0.1 nA)

shows the (100) orientation of an FeCo cluster. Using the
FFT signal a lattice parameter of (0.29 ± 0.01) nm with a
BCC structure for these clusters was determined. This value
is slightly larger than theoretical value of 0.2860 nm assum-
ing a Fe50Co50 composition for the target material [15, 18].
The difference between the theoretical value and the experi-
mental one for the lattice parameter is due to the fact that the
constitution of the alloy target is given for the whole material
and using the EDX analysis also for an assembly of clusters,
while for the high resolution TEM investigation only a sin-
gle cluster is used. The constitution of this particular cluster
may differ slightly from the rest of the assembly. However,
this small difference does not affect the BCC structure.

HRTEM measurements also give an insight into the mor-
phology of the nearly free clusters. Since {100} facets for
FeCo clusters were observed, the morphology of the clus-
ters corresponds to a truncated rhombic dodecahedron with
12 {110} faces and 6 {100} faces. There could also exist
{111} facets like in the case of pure Fe clusters. Although
this facet is energetically less favorable, especially the exis-
tence of a further truncation with additional 8 {111} facets
could explain the round shape of the majority of clusters.

3.2 Structure of size-selected alloy clusters deposited on
W(110)

Figure 3 shows a TEM image of an assembly of FeCo clus-
ters deposited at a deflection potential UQuad of 500 V. The
analysis results in a cluster diameter of (8.4 ± 1.1) nm.
For 250 V and 1 kV one obtains (7.2 ± 0.9) nm and
(10.0 ± 1.3) nm, respectively. Figure 4 presents an STM
image of clusters on W(110) produced at UQuad = 500 V.
The cluster heights for UQuad = 250 V, 500 V and 1 kV are
(6.2 ± 1.1) nm, (6.9 ± 0.7) nm and (8.4 ± 1.1) nm, respec-
tively. Thus, the clusters exhibit a slight flattening after de-
position on the tungsten substrate. This is a result of the high
surface energy of W(110) compared with the cluster surface
energy. The surface energy is 4.005 J/m2 for this particular
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Fig. 5 Comparison between the lateral size of size-selected clusters
(TEM) and the height of clusters on W(110) (STM) for different cluster
sizes indicating a size reduction of about 1 nm

surface of tungsten [19]. Furthermore, the oblate structure
is caused by surface atoms of the cluster that diffuse on to
the tungsten surface, where they become almost immobile.
A high mobility for surface atoms of a Fe586 cluster has been
calculated, e.g., by Ding et al. [20]. A flattening caused by
cluster surface collision can be neglected. Since the kinetic
energy of the clusters is about 1 keV and the clusters con-
sist of a few 10,000 atoms, the clusters are deposited under
soft landing conditions with a deposition energy well below
0.1 eV/atom. The decrease in the height of the size-selected
clusters on W(110) is about 1 nm (see Fig. 5). Figure 6 is an
example for the STM (height of clusters) and TEM (lateral
size of clusters) experiments using a quadrupole potential of
about 500 V.

The STM image (see Fig. 4) additionally proves that the
clusters are arbitrarily located on the W(110) surface. They
do not prefer step edges or any other energetically favorable
sites. The mobility of the clusters on W(110) is too low at
room temperature to cause any agglomeration on the sur-
face. The accumulation of the clusters at particular sites is a
result of cluster assembling at the same site during the de-
position process and does not represent the coalescence of
clusters after diffusion on the surface.

3.3 Melting of FeCo clusters on W(110) at elevated
temperatures

The tungsten crystal with the deposited FeCo alloy clusters
was resistively heated on a manipulator at 573, 923, 1023,
and 1123 K.

At 573 K, no significant change concerning the distrib-
ution of the height as well as shape of the clusters was ob-
served.

At 923 K, the height of the clusters decreased from about
7 nm (UQuad = 500 V) to 4 nm, indicating a melting of the
clusters on the surface.

Fig. 6 Comparison between the lateral size of size-selected clusters
(TEM) and the height of clusters on W(110) (STM) for UQuad = 500 V

A direct observation of the melting could be observed at
a high temperature of 1023 K, at which most of the clus-
ters show anisotropic melting. In order to melt all the clus-
ters observably on the surface, the temperature was raised
to 1123 K. Figure 7 shows an STM image of clusters after
a temperature treatment at 1123 K for 1 hour. It is obvious
that the melting takes place anisotropically along the [001]
direction of the W(110) surface.

The diffusion of adsorbed Fe and Co atoms on W(110)
and the anisotropic spreading of iron and cobalt islands on
W(110) was already reported in the literature. According to
[22], the diffusion of single atoms on the W(110) surface oc-
curs along the [111] direction. Simultaneous hoppings can
result in motion either in the [110] or in the [001] direc-
tion with the same activation energy, resulting in a different
spreading along these axes. Iron, e.g., elongates in the [110]
direction whereas the spreading of cobalt is site dependent
on W(110) as reported by [21].

The reason why the FeCo clusters deposited on W(110)
in this present work mainly melt along the [001] axis on the
contrary to the work of Reuter et al. [21] is not clear. One
reason could be the presence of cobalt which has a different
melting behavior than iron. Another explanation could be
the size of the cluster. The iron or cobalt islands discussed
in the literature mentioned above deal with the spreading of
iron dots which are much bigger than the clusters here. The
unrolling carpet mechanism which defines the spreading of
an iron dot on W(110) [21], where atoms roll down to the
surface and form a monolayer by hopping over already un-
rolled part of the island, may not be the dominant process in
cluster melting. Thus, this point will be investigated in the
future with experiments carried out on melting of pure iron
and pure cobalt clusters on W(110).

4 Conclusion

Magnetic iron–cobalt alloy nanoparticles were studied with
high resolution transmission electron microscopy (HRTEM)
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Fig. 7 The melting of FeCo clusters along the [001] direction on
W(110) after heating for 1 hour at 1123 K (U = 1 V, I = 0.1 nA)

and scanning tunneling microscopy (STM). The nanoparti-
cles were produced with a continuously working arc cluster
ion source and subsequently size-selected with an electro-
static quadrupole deflector.

The composition of the alloy nanoparticles was checked
with energy dispersive X-ray spectroscopy (EDX). The
composition of the alloy nanoparticles was in good agree-
ment with the target material.

The lateral size distribution was investigated by TEM and
the height of the deposited FeCo nanoparticles on the (110)
surface of tungsten was determined by STM. Comparing
the results it is obvious that the nanoparticles deposited on
W(110) were flattened due to a significant cluster-surface
interaction.

The crystalline structure of pure nanoparticles has also
been investigated with HRTEM to ensure a reliable deter-
mination of the lattice parameter for the alloy nanoparticles.
For Fe nanoparticles, the lattice parameter agrees well with
the theoretical values. HRTEM investigations have shown
that the FeCo nanoparticles have a truncated rhombic dodec-
ahedral shape with a CsCl structure. Using the FFT signal
from the HRTEM image a lattice constant of about 0.29 nm
for the FeCo nanoparticles was determined.
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