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Low energy electron diffraction (LEED) and scanning tunneling microscopy (STM) studies of 
FeO(111) films on Ru(0001) show formation of coincidence structures with thickness 
dependent Moiré pattern. In the four monolayer thick film, strained Fe3O4(111) nano-domains 
start to nucleate at defined positions of the FeO(111) Moiré pattern and form an ordered array. 
Further oxidation causes these domains to grow and to coalesce into a closed Fe3O4(111) film. 
 
Introduction 
Iron oxides are studied because of their application as magnetic storage media and because of 
their catalytic properties [1]. Here we report on the epitaxial growth of thin FeO(111) films on 
Ru(0001) and their transformation into Fe3O4 with self-assembled domain arrays as 
metastable transition structures. 
 
Experimental 
The experiments were performed at a base pressure of 1×10-10 mbar using a Burleigh STM 
and a combined LEED and AES optics. Iron was evaporated from an iron wire wrapped 
around a tungsten filament onto a clean Ru(0001) substrate, followed by oxidation in 10-6 
mbar O2 at 870K to 1000K. Large-scale STM images and observation of the decrease of the 
O/Ru(0001)-(2×2) LEED pattern were used to obtain an estimate of coverages. The exact 
thickness is uncertain because of iron diffusion into the Ru substrate, depending on annealing 
time, temperature and O2 pressure. 

 
 
 

 
 

Fig. 1: Schematic arrangement of 1-2 ML Fig. 2: 250x250 Å2 (It=0.3 nA, UB=+0.7 V) 
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FeO(111) on Ru(0001). For thicker films, 8 
Ru units coincide with 6 FeO units. 

STM image with self-ordered Fe3O4(111) 
domains embedded in a 4 ML thick FeO film. 

 
Results and discussion 
FeO(111) films up to 2 ML thickness on Ru(0001) show LEED patterns which can be 
regarded as Ru(0001)-(8x8) patterns with a periodicity of 21.5 Å. The STM images show 
dense films with Moiré patterns of the same periodicity and a hexagonal atomic periodicity of 
3.1 Å. In analogy to FeO films on Pt [2], we ascribe it to the oxygen atoms in an oxygen 
terminated FeO(111) film. Fig 1 shows a model with 7 FeO units coinciding with 8 Ru units. 
Also the 3rd and 4th ML have the same Moiré periodicity but the atomic periodicity has 
increased to 3.58 Å, corresponding to 6 FeO units per 8 Ru units. Details in the intensities 
within the Moiré patterns change from layer to layer, indicating changes in the electronic 
structure, but the atomic periodicity changes only between the 2nd and 3rd ML. 
There are strong similarities to the growth of FeO(111) films on Pt(111) [2] where 4 different 
coincidence structures, all with expanded in-plane FeO periodicities form within a coverage 
range up to 2.5 ML, all forming Moiré patterns. Whereas the atomic rows of the FeO films are 
aligned to the Ru(0001) rows, three of the structures on Pt(111) are rotated.  
Compared to bulk FeO with an atomic periodicity of 3.04 Å, all FeO films are expanded in 
the (111) plane with periodicities of 3.08 and 3.58 Å, respectively. We ascribe this to the fact 
that an oxygen-terminated FeO(111) film represents a polar type 3 surface according to the 
nomenclature of Tasker [3] with an electric dipole perpendicular to the surface and the 
resulting Madelung energy piling up with increasing thickness. One way to reduce the dipole 
moment is to decrease the Fe-O layer distance perpendicular to the surface by relaxation as 
was proved to occur for FeO on Pt(111) [2]. The O atoms are squeezed into the underlying Fe 
layer which respond by an in-plane expansion. The consequence is a change in Fe-O bond 
lengths and bond directions which results in strain. Our observations show that polarity and 
Madelung energy play an important role for the stability of ionic surfaces while mechanical 
strain becomes less important as the covalent character of the bond is reduced. 
Since bulk FeO is thermodynamically unstable under the conditions during preparation [4], all 
observed films are interface-stabilized. A thickness of at least 4 ML FeO on Ru(0001) is 
necessary to start conversion into the more stable Fe3O4 phase upon annealing in oxygen. The 
way in which this conversion occurs is seen in fig. 2. Conducting Fe3O4 domains of almost 
uniform size, characterized by their typical imaging conditions, nucleate at the crossing points 
of the dark Moiré lines of the 4 ML thick less conducting FeO matrix. The domains form a 
distorted hexagonal pattern with nano-scale unit cell vectors of ~50 and ~65 Å length. The 
periodicity within them is ~7 Å. On surfaces of bulklike Fe3O4(111) films, the periodicity is 
~6 Å and corresponds to ¼ ML Fe on top of a closed hexagonal O layer [5]. The O-O distance 
in the Fe3O4 domains has thus the same expanded value of ~3.5 Å as the FeO(111) layer from 
which it emerged. Upon further oxidation, the whole film eventually converts into Fe3O4(111) 
without lattice expansion. One reason why Fe3O4 does not form in thinner films is its large 
unit cell. Compared to FeO, the occupation of the Fe-sublayers in Fe3O4 is only ¾. Keeping 
the Fe amount constant, exactly five Fe layers in Fe3O4 plus ¼ layer as surface termination 
can be formed from four Fe layers in FeO under oxidative conditions. The minimum thickness 
for such a stoichiometric conversion is 4 ML where we have observed it. 
 
Conclusions 
Well-ordered FeO(111) films with thickness-dependent structure can be prepared on 
Ru(0001). A four ML thick film transforms into Fe3O3 by formation of a regular arrangement 
of Fe3O4(111) nano-domains in the FeO(111) matrix. Since both phases have strongly 
differing electronic and magnetic properties, this may open new applications. 
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