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Abstract

The uninterrupted efforts devoted over the last decades to continuously
reduce the dimensions of devices have led to Nanotechnology, a discipline
that aims to create and use structures, devices and systems in the size range
of about 0.1 - 100 nm [1].

The two basic approaches to creating surface patterns and devices on sub-
strates in a controlled and repeatable manner are the top-down and bottom-
up techniques [2].

The top-down methods retain the lithographic design motifs by making
use of tools such as nanolithographic techniques and scanning probe micro-
scopies, imposing a structure or pattern on the substrate being processed. In
contrast, bottom-up methods aim to guide the self-assembly of atomic and
molecular constituents into organized surface structures through processes
inherent in the manipulated system, with the aim to ”engineer” electronic
and magnetic materials on the atomic scale.

Common to all bottom-up strategies for the fabrication of nanostructures
at surfaces is that they are essentially based on growth phenomena. In this
respect understanding the processes of nucleation and growth on a substrate
surface is of importance for growing high-quality nanostructures [3].

By tuning parameters like the substrate temperature and deposition rate
one can change the kinetic conditions of growth and obtain structures that
does not represent necessarily the minimum energy configuration of the sys-
tem. The stabilization of this metastable structures is of particular interest
in the case of magnetic materials, because they can have different magnetic
properties depending on the morphological configuration.

Many of these features are related to the different mechanisms of strain
relaxation in heteroepitaxial systems as well as to specific characteristics
of atomic diffusion, such as the presence of Ehrlich - Schwoebel barriers
hindering step crossings.

Some special growth techniques (use of surfactants and codeposition) can
also be useful to overcome the elements natural limitations and produce
accurately controlled, custom-designed epitaxial samples.

In this frame the preadsorption on the substrate of foreign atoms has been
demonstrated to be effective in changing both the kinetics of growth and the
minimum energy configuration of the system. In particular the presence of
an ordered overlayer of oxygen on the Fe(001) surface affects the magnetic
and electronic surface properties [4, 5]. Furthermore, it is well known that
oxygen acts also as surfactant, promoting layer by layer growth whereas the



growth without oxygen is characterized by a roughness increasing with the
coverage [6, 7].

In this thesis the atomistic processes involved in the oxygen mediated
homoepitaxial and eteroepitaxial growth on Fe(001) surface will be discussed.
In particular the oxygen induced effects on the Fe(001) surface and on the
interface between the Fe(001) and two 3d metals, namely Cr and Ni are
investigated.

In chapter 1 the properties of the oxygen passivated surface, the so called
Fe(001)-p(1× 1)O will be exposed.

Chapter 2 is about the oxygen mediated growth of nickel and chromium
ultrathin films on Fe(001).

In chapter 3 two different cobalt oxide nanostructure, the cobalt oxide
thin films on Fe(001)-p(1 × 1)O and cobalt oxide nanowire grown on Pd(1
1 19) vicinal surface are presented. The data about cobalt oxide nanowire
grown on Pd(1 1 19) have been taken in collaboration with the group of the
professor F.Netzer, during the period of six months I have spent at the Karl
Franzens University of Graz.
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Chapter 1

Oxygen induced effects on
Fe(001) surface

1.1 Introduction

The interaction of oxygen with transition metal surfaces has long gained
significant attention in both fundamental and applied research. Understand-
ing the modifications in the crystallographic and electronic structure due to
the presence of oxygen can improve the basic knowledge about fundamental
processes such as oxidation, passivation, catalysis, and corrosion [8]. Fur-
thermore, Fe-oxides are also of potential technological significance because
of the magnetic properties of these systems.

In this chapter we will discuss the morphologic and electronic effects of
the chemisorbed oxygen on Fe(001) surface. In particular we will focus on a
particular phase, the so called Fe(001)-p(1× 1)O.

At a mesoscopic scale oxygen induces a strong step bunching and the
oxidized surface is characterized by wide terraces separated by bunches of
steps (Section 1.3).

At a microscopic level we found that the surface is covered by a perfect
layer of chemisorbed oxygen and that the measured atomic corrugation is
affected by the tunneling conditions used. The oxygen atoms are imaged
alternatively as bright or dark spots depending on the tip-surface distance
(Section 1.4).

The surface electronic properties of the Fe(001)-p(1 × 1)O are shown in
Section 1.5. The measured spectra provide information about the surface
electronic density of states (DOS) and are interpreted with the aid of first-
principles density-functional theory (DFT) calculations of the surface elec-
tronic structure. We show that our theoretical results are in good agreement
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with Scanning Tunneling Spectroscopy (STS) experimental data, and per-
mit to ascertain the spin character of the observed surface states at -0.5 and
+0.9 eV. The theoretical calculations have been performed by the group of
M.Trioni at the university of Milano Bicocca.

The oxygen surfactant properties during iron homoepitaxy are investi-
gated from a microscopic point of view in Section 1.6. The oxygen overlayer
is found to induce a layer by layer growth by lowering the interlayer mass
transport barrier.

1.2 The Fe(001)-p(1× 1)O surface

Clean Fe(001) surfaces were obtained by ultrahigh vacuum (UHV) deposition
of a thick Fe film (100 nm) on a MgO(001) substrate. All traces of contami-
nants (in particular oxygen and carbon) accumulated in the film during evap-
oration were removed by cycles of sputtering followed by flash annealing at
900 K for 1 min. Fe(001)-p(1×1)O surfaces were realized by exposing a clean
Fe(001) substrate held at 700 K to 30 langmuir (1L=1 × 10−6 torr × sec)
of pure O2 (partial pressure: 4 × 10−7 mbar). The sample was then flash
heated at 900 K for 1 min to remove the excess oxygen from the surface.
The resulting surface is the oxygen passivated Fe(001)-p(1× 1)O, character-
ized by one oxygen atom per surface unit cell. Previous structural studies of
the Fe(001)-p(1 × 1)O surface have revealed that in this system the oxygen
atoms are located in the fourfold symmetrical hollow sites of the surface,
with the first Fe layer outward relaxed with respect to the bulk (see Fig. 1.1)
[9, 10, 11, 12, 13]. Scanning Tunneling Microscopy (STM) images (see Fig.
1.2) show that this is a well ordered and defect free surface, with a perfect
monolayer of oxygen covering the Fe(001) surface.

Figure 1.1: Side view of the Fe(001)-p(1 × 1)O surface. There is an upward
relaxation of the first layer.
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Figure 1.2: Atomic resolution of the Fe(001)-p(1 × 1)O. The oxygen atoms are
located in the fourfold symmetrical hollow sites of the Fe(001) surface

1.3 Terrace distribution

In this section we focus on the topographic changes occurring at a mesoscopic
scale as a consequence of oxygen adsorption. The different morphology of
the oxygen-free Fe(001) surface and of the Fe(001)-p(1×1)O surface is shown
in Fig. 1.3.

Note that both surfaces have been subjected to similar thermal treat-
ments. The pristine Fe(001) surface is characterized by narrow terraces sepa-
rated by monoatomic steps (height: 0.143 nm), while in the Fe(001)-p(1×1)O
surface several steps have coalesced, leading to steps several monolayers high.
With respect to the oxygen-free Fe(001) surface, the step density is decreased
and the surface topography is dominated by wider atomically flat terraces.
In the oxygen-free Fe(001) surface, the steps between two terraces are all
monoatomic. The terraces width distribution in the [100] direction is de-
scribed by an asymmetric probability density function with an average value
equal to 29.86 nm (standard deviation 35.43 nm). In the Fe(001)-p(1× 1)O
surface only 5% of the steps are monoatomic. Their probability distribution
is described by a symmetric bell-shaped function with an average step height
equal to 4.71 atomic layers (standard deviation: 2.19 atomic layers). We have
observed steps as high as ten atomic layers. The terrace width probability
density in the [001] direction is also symmetric, with a mean value equal to
138.24 nm (standard deviation: 58.55 nm). The product between the step
density and the mean step height is very similar (within 2%) before and after
oxidation, thus we can deduce that the structure of the Fe(001)-p(1 × 1)O
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Figure 1.3: Terraced structure of Fe(001) and Fe(001)-p(1 × 1)O. Image size is
500×500 nm2. Panels (c) and (d) display the profile obtained along the horizontal
lines in panels (a) and (b), respectively.

surface derives from the coalescence of the steps in the pristine Fe(001) sur-
face. When the oxygen is removed from the Fe(001)-p(1 × 1)O surface by
sputtering and annealing, the starting morphology of the clean Fe(001) is
recovered, and the steps are no longer bunched together. Apparently, step
bunching (SB) is a direct consequence of the presence of chemisorbed oxygen.
To address this phenomenon, we recall that many different mechanisms are
known to produce SB on rough or vicinal surfaces [3]: (i) SB can be induced
during growth and sublimation when a net flux of atoms attaches to or leaves
from the terraces between steps [14, 15, 16](a mechanism also known as the
Ehrlich-Schwoebel effect), or it might be caused by either (ii) electromigra-
tion [18] or (iii) elasticity [19, 20]. The second process can be ruled out in
our case since no electric currents are forced across the sample, while the first
one can be excluded since the preparation of the Fe(001)-p(1 × 1)O surface
does not involve a net mass flow landing or leaving the sample surface. In
fact, no Fe is deposited and the amount of adsorbed oxygen exceeding one
monolayer is removed by annealing at 900 K. The number of iron atoms
that evaporate from the surface during the flash annealing is also negligible:
at 900 K the iron vapor pressure is below 10−11 mbar. Note also that the
final steps are straight, indicating a limited step meandering and excluding
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the possibility that step bunching could occur by fluctuations of the step
edges during annealing, leading to the occasional collapse of terraces. In
this scenario Schwoebel has demonstrated that steps can move only in the
presence of an effective long-range interaction between steps [15, 16]. This
interaction is elastic in nature. Two steps separated by a terrace of width
L experience a short-range repulsive force (”force dipole”) and a long-range
attractive force (”force monopole”), the latter existing only in the presence
of strained layers. The repulsive force arises from an interaction energy of
the form α1L

−2 [100] between two adjacent steps, while the attractive one
derives from an interaction energy of the form α2 log(L), where α1 and α2

are parameters that depend on the characteristics of the surface [21]. While
it is generally accepted to model the repulsive strain field with a line of force
dipoles along each step, there is no agreement in the literature about the
magnitude of the dipole. The torque has been originally identified as the
product of the surface stress with the step height but, according to Ibach,
this model produces surface stress far too low (see,for example [23, 24]). On
the other hand, α2 is proportional to the magnitude of the overlayer strain,
no matter whether tensile or compressive. As shown by Tersoff et al. com-
bination of these two interactions can lead to a SB instability even in the
absence of an external flux of atoms [22]. In this model the velocity of the
steps is extremely sensitive to the temperature, so stress-driven SB should be
a strong effect at high temperature, but it should be negligible at low temper-
ature. In our case we observe that oxygen adsorption at room temperature
does not change the step distribution, and step bunches develop only after
the subsequent annealing. Therefore, the experimental evidence supports
the idea that the SB observed on the Fe(001)-p(1 × 1)O surface could be
induced by the presence of an elastic attractive force between steps, possibly
arising from the oxygen-induced stress. Generally, the intrinsic stress at a
metal surface is tensile, due to a redistribution of the charge arising from the
missing bonds above the surface atoms [23]. This charge unbalance causes
two main effects: (i) the bonds between the first-layer and the second-layer
atoms are strengthened, leading to a contraction of the spacing between the
first and the second layer with respect to the bulk; (ii) electronic charge may
accumulate among the surface atoms, giving a tensile stress. The chemisorp-
tion of foreign atoms saturates the surface atom bonds, removing in this way
the charge between the surface atoms. This generally produces a reduction
of the tensile stress. If the adsorbed atoms are electronegative with respect
to the substrate they can even overcompensate the intrinsic tensile stress so
that the resulting stress turns out to be compressive. A number of experi-
mental and theoretical data confirm an oxygen-induced charge redistribution
for adsorbed O on Fe(001) [9, 10, 11, 12, 13], due to the large electroneg-
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ativity of oxygen compared to iron. Oxygen binds Fe with strong covalent
bonds formed by Fe3d-O2p hybrid orbitals, similar to the ones in bulk FeO.
The negative charge transfer from the substrate to the O adlayer is also con-
firmed by a 0.72 eV increase of the work function associated with an enhanced
metal-surface dipole layer. The strength of the adsorbate substrate interac-
tion gives a hint of the magnitude of adsorbed induced effects, therefore we
expect that oxygen is likely to have a considerable influence on the stress of
the outermost layers. In the pristine Fe(001) surface the distance between
the first and the second layers is contracted by 3% with respect to the bulk
spacing. This relaxation is reversed in the Fe(001)-p(1× 1)O surface, where
the interspacing between the first and second layers is found to be larger
than the bulk lattice parameter. Although there is no consensus concerning
the amount of this relaxation, there is general agreement about the distance
between the first and second layers in Fe(001)-p(1× 1)O being considerably
larger than in bulk iron. First principles calculation performed by Chubb
et al. shows a 23% increase [10], while Jona et al. inferred an expansion of
7% from low-energy electron diffraction (LEED) data [11]. More recently,
Parhiar et al. determined an increase of 16% by combining x-ray diffraction
and ab initio calculations [9].

In summary, both experimental and theoretical results confirm a picture
in which the oxygen atoms in the Fe(001)-p(1 × 1)O surface form with the
first iron layer a strongly bound planar rocksalt FeO monolayer which is
comparatively weakly bound to the Fe(001) surface. Since the O-Fe bond in
the Fe(001)-p(1× 1)O is 4% shorter than the Fe-O bond found in bulk FeO,
we can regard the surface as a single FeO strained layer placed on top of the
Fe(001) substrate.

Another topic to be discussed is the influence of the repulsive force be-
tween neighboring adsorbate atoms in inducing a compressive stress. At low
adsorbate coverage this direct repulsive interaction is negligible because the
overlap between orbitals belonging to neighboring atoms decays exponen-
tially. On the other hand, when the coverage is increased, this repulsion can
become significant. In the Fe(001)-p(1 × 1)O surface each Fe(001) hollow
site is occupied by an oxygen atom, so one cannot exclude that the direct
repulsion between oxygen atoms may play a significant role in determining
the final surface stress.

As a conclusion of this section, we suggest that the observed oxygen-
induced step bunching could derive from the attractive monopole force be-
tween the steps of a strained surface. In this frame, the role of oxygen is to
greatly increase the absolute value of the stress compared with the Fe(001)
surface. At the annealing temperature, because of the different strain, SB
proceeds much faster in Fe(001)-p(1× 1)O than in Fe(001), determining the
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different morphology observed in Fig. 1.3.

1.4 Atomic corrugation on Fe(001)-p(1× 1)O

When the oxygen is present as contamination on metallic surfaces, it appears
generally as a depression in the STM images. This is true also for the oxygen
contaminated Fe(001) surface [25]. In Fe(001)-p(1 × 1)O, due to the (1x1)
symmetry of the oxygen overlayer, it is not trivial to establish if the oxygen
is imaged as a bright or dark spot. In particular, the tunneling conditions
can influence the measured atomic corrugation.

In order to study a possible corrugation reversal as a function of the STM
set points, it is essential to have a reference position, that can be located on a
surface defect. The as grown Fe(001)-p(1× 1)O surface is usually very clean,
flat on a scale of tens of nm and free of defects. It has thus been necessary to
induce some kind of defects on the surface. This has been done by applying
a short (few seconds) 1.5 kV Ar+ ion sputtering pulse. One can expect that
a defect will consist of either a simple oxygen vacancy or a more complicated
structure, resulting from a local redistribution of atoms.

In performing first-principles simulations, the Fe surface has been mod-
eled by a slab composed of five Fe layers and O atoms adsorbed on both
sides, in a periodically repeated supercell. Atomic coordinates of all atoms
but the inner three Fe layers (fixed at the bulk spacing) have been obtained
via optimization of the total energy of the system. All results have been ob-
tained within the generalized gradient approximation for the exchange and
correlation functional as proposed by Perdew, Burke, and Ernzerhof (GGA-
PBE) [26], taking into account the spin polarization. The plane-wave ultra-
soft pseudopotential method [27] lt was used as implemented in the PWSCF
code of the Quantum-ESPRESSO distribution [28]. The pseudopotentials
have been derived from scalar-relativistic all-electron atomic calculations. Fe
and O pseudopotentials include 3d-4s and 2s-2p valence electrons, respec-
tively. Nonlinear core corrections are used for Fe. The wave functions have
been expanded up to a kinetic energy cutoff of 30 Ry; the effective potential
and the charge density up to 200 Ry. The surface Brillouin zone integration
has been performed with the Monkhorst-Pack scheme, adopting k||-point
meshes equivalent to a 16x16 mesh in the irreducible surface unit cell of
Fe(001). Constant current STM images have eventually been simulated by
calculating the Kohn-Sham (KS) DOS in the energy interval between 1 eV
below the Fermi level (EF ) and EF , and by evaluating a constant density
surface in the vacuum region [29, 30]. A Gaussian spatial broadening of 1
was finally applied to mimic finite experimental resolution. It must be noted
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that this approximation does not consider the perturbation induced on the
surface by the STM tip nor its spectral structure.

Figure 1.4: STM atomic resolution images of the Fe(001)-p(1× 1)O surface. The
sample bias is set at Vb=0.1 V for every image, while the current set point is 0.5,
1.5, 5, and 10 nA, from the lower to the upper image, respectively. The image
area is about 2.9x1.7 nm2 for each image. The vertical lines are guides to the eyes
for highlighting the corrugation reversal.

Fig. 1.4 reports atomic corrugation images of the Fe(001)-p(1×1)O surface
taken at a constant sample bias Vb = 0.1 V and at different current set
points, with the tunneling current I equal to 0.5, 1.5, 5, and 10 nA, from
the lower to the upper image, respectively. The tip-sample distance varies
correspondingly, from larger to smaller values, with increasing current set
points. We have estimated this distance as discussed in Ref. [31]: it results
to vary from about 5 for I=10 nA to slightly less than 7 Å for I=0.5 nA.
For each of the images reported in Fig. 1.4 we have drawn a horizontal line
profile passing through the defect center the horizontal lines are not shown in
Fig. 1.4. The profiles are collected in Fig. 1.5, where the center of the defect
has been chosen as the origin of the horizontal position for each profile. By
inspecting Fig. 1.5 as regards displacements larger than 2 unit cells from the
defect center, one has an immediate evidence of an inversion between peaks,
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Figure 1.5: Horizontal line profiles of the STM images shown in Fig. 1.4. The
lines pass through the center of the defect and are aligned making reference to
such a feature central vertical line in Fig. 1.4. One unit cell is equal to 0.29 nm.

corresponding to protrusions in the images, and valleys, corresponding to
depressions, when comparing the I=0.5 nA and I=1.5 nA with the I=5 nA
and I=10 nA cases, respectively. Such an inversion can be evidenced also
by inspecting the images reported in Fig. 1.4, which have all been aligned
along the [010] direction, by keeping the center of the defect on the same
vertical line. The vertical lines can help to observe that rows of protrusions
in the two upper images I=5 nA and I=10 nA correspond to dim rows in
the two lower images I=0.5 nA and I=1.5 nA. The known surface symmetry
and unit cell eventually allow to identify this change in the atomic scale
corrugation as either oxygen only or iron only atoms imaged in the two
cases. This kind of corrugation reversal refers therefore to the distinct kind
of atoms that are imaged by the STM with different experimental set points.
A strong modification of the brightness levels is seen also on the defect itself
(see below). We underline that the above results are not dependent on the
bias condition, in particular on the sign of the tip-sample bias, provided its
absolute value is small, typically below 100 meV. The use of larger biases
generally resulted in less stable measurements with a worse resolution, so
that they have not proved to be useful in determining the occurrence of a
corrugation reversal.

A first, semi quantitative analysis of the corrugation reversal mechanism
can be based on the observation that a charge transfer occurs between the
surface Fe and O atoms, the latter being negatively charged. As a conse-
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Figure 1.6: Electrostatic potential energy including ionic cores above the oxygen
atoms (dashed blue line) and above the iron atoms (solid red line), along the (001)
direction (z axis). Here, zO represents the position of the oxygen atoms on the z
axis. Inset: simulated STM image for the Fe(001)-p(1× 1)O surface at an average
distance z=2 Å

quence, the electrostatic potential acting on the electrons outside the surface
is lower on top of Fe than on top of O atoms (solid and dashed lines in
Fig. 1.6, respectively). We remark that such a potential has been evaluated
by considering the actual optimized positions of both O and Fe atoms at
the surface. The difference in the potential suggests that the electronic wave
functions decay in the vacuum (z direction) more slowly when moving out-
ward above the position of the iron atoms, compared to moving above the
position of the oxygen atoms (see the reference spots in the inset of Fig. 1.6),
therefore leading to the reversed corrugation at large distances. This quali-
tative and physically sound explanation is however not fully reproduced by
our analysis based on DFT (see below).

Numerical simulations of the STM images have been performed at an
average distance from the oxygen layer of about 2 Å. The use of either positive
or negative small biases provided qualitatively identical images. The results
are equivalent to those obtained in our previous investigation and are shown
in the inset of Fig. 1.6).

At this distance the geometric contribution prevails and the bright spots
correspond to the protruding oxygen atoms. This result should be com-
pared with experimental data measured at high currents, hence sampling
the surface at short distances. To simulate the image at larger distances, an
increased computational effort would be required (mainly, a larger basis set
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and a thicker slab). In principle, aiming to obtain the greatest deal of in-
formation from theoretical computations, this could still be afforded thanks
to the small unit cell of the p(1 × 1) structure. On the other hand, the
reliability of simulated images in such situations is limited by the fact that
the exchange-correlation contribution to the total KS potential has been ap-
proximated by GGA, which is unsuited to capture the proper long-distance
behavior. The corresponding results are reported here for the sake of com-
pleteness only: we could span a distance range up to 8 Å, where the electron
density of states is 109 times smaller than the maximum value in the cell,
and found that the simulated corrugation monotonically goes to zero with
increasing distance, without ever reverting.

Finally, it is worth reminding that we do not consider the effects of the
tip in the image formation. Nevertheless, we emphasize that the series of
images shown in Fig. 1.4 could be repeatedly obtained, without significant
modifications, by increasing or decreasing the tip-sample distance across the
two atomic corrugation regimes. We can thus exclude that the corrugation
reversal is due to a sudden irreversible alteration of the tip.

We take now a closer look at the defect chosen as a reference for the
investigation of the corrugation reversal, with the aim of understanding if
our experimental and theoretical approaches allow to infer its nature. The
topographic characteristics of this defect are best appreciated in the image
taken at Vb=0.1 V and I=5 nA. On account of the previous analysis, we as-
sume to be close enough to the surface to have the geometrical contributions
dominating over the electronic ones in determining the topographic image of
the surface, as seen by STM. Therefore, the protrusions seen on the image,
excluding the defect region, are assigned to oxygen atoms. In order to sim-
ulate the defective surface, we make the assumption that the defect consists
of an oxygen vacancy.

This choice is supported by an inspection of Fig. 1.7, which shows a blow
up of the defect site and of its first neighbors, and by considering the surface
preparation conditions mentioned above and the short tip-sample distance
(high tunneling current regime). The defect, in particular, is centered on
an oxygen site, involves a limited region, and presents a fourfold symmetry.
Moreover we observe, by comparing different images of the same defect taken
in the high current set point regime, and always making reference to the cen-
ter of the defect, that both the first- and the second-neighbor protrusions are
brighter than all of the other protrusions seen in the image. In the simulation
we have thus removed an oxygen atom from the perfect p(1x1) surface, on
both sides of the slab, and relaxed the structure in a (4x4) surface unit cell.
Upon removal of the central oxygen atom, the four first-neighbors oxygen
atoms relax in-plane toward the vacancy by 0.14 Å, with a negligible vertical

11



Figure 1.7: Blow up of the defect seen in the STM image of Fig. 1.4 with set point
Vb = 0.1 V and I=5 nA. The image area is about 1.5x1.2 nm2.

displacement. The in-plane relaxation of the four in-plane first-neighbors
Fe atoms amounts to 0.05 Å toward the vacancy and 0.06 Å in the vertical
direction, reducing the separation from the inner Fe layer. The total energy
of this relaxed surface is 0.26 eV lower with respect to the unrelaxed one. A
snapshot of the geometric configuration is reported in Fig. 1.8.

Using this configuration we computed the STM image; the result is re-
ported in Fig. 1.9.

The average distance between the chosen isosurface and the oxygen layer
is about 2 Å. This distance must be related to a measure obtained in a
high current regime, as that reported in Fig. 1.6. The main feature of the
experimental results, i.e., the increased brightness of the O atoms close to the
vacancy, is indeed nicely reproduced. It is worth to notice that, in the central
region, the absence of the oxygen atom should require a shorter tip-surface
distance to keep a fixed current. Possibly, the weak bright spot at the center
of the defect shown in Fig. 1.7, which is missing in the simulated image shown
in Fig. 1.9, could be due to the influence of the scanning tip. The overall
good agreement between the two set of results suggests to actually identify
the measured defect as due to an oxygen vacancy.

On the basis of the experimental and theoretical results described in the
previous sections, we now consider and discuss three main factors that can
be taken into account to understand how the STM images of both the perfect
and the defective Fe(001)-p(1× 1)O surface take shape. The first and more
intuitive factor is the geometrical configuration, which is often invoked to
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Figure 1.8: (a) Top view and (b) side view of the relaxed defective surface. The
small circles represent the O atoms; the large circles represent the Fe atoms, both
in the first layer (light gray) and in the layers below (dark gray). The arrows
indicate the atom displacement, along the directions of the dashed lines, upon
relaxation (see text).

identify the brightest spots with the atoms located in the highest position
with respect to the surface. In the present system, however, the presence
of two atomic species suggests that this direct interpretation can easily be
misleading. Moreover we have seen, when analyzing an oxygen vacancy, that
the O atoms close to the defect, which experimentally appear to be brighter
than the others in the image, are actually at the same distance from the
surface as any of the others. We must therefore exclude that the geometrical
arrangement of the oxygen atoms can be considered as the main reason for the
experimental evidences. A second contribution to be reckoned in is the charge
distribution (or, more precisely, the local density of states in the proper
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Figure 1.9: Simulated STM image for the relaxed defective surface.

energy interval close to EF ) on the different atoms present at the surface.
By performing a Lwdin charge analysis [32], we find that in the perfect
Fe(001)-p(1 × 1)O surface each oxygen atom holds an additional electron
captured from the underlying Fe atoms. Upon removal of an oxygen atom,
such an electron is shared between the five first neighbors Fe atoms (four in
the surface plane and one in the first layer below) and only a small fraction
of the charge is distributed on the other O atoms. Moreover, we do not find
significant differences in the local density of states at the atoms nearest to the
vacancy, when compared to those on the perfect Fe(001)-p(1 × 1)O surface.
We conclude that the details of the charge distribution on the specific orbitals
of the different species present at the surface, even if possibly modified upon
the defect creation, have a negligible influence on the details of the image
formation of the oxygen vacancy. Finally, we discuss the role played by
the decaying behavior toward the vacuum of the electronic wave functions
involved, which is affected by the local potential barrier above the surface.
A modification of such a barrier, caused either by oxygen adsorption, when
passing from the pristine Fe(001) surface to the Fe(001)-p(1×1)O surface, or
by oxygen removal, when the vacancy is created, can in fact be responsible
of either promoting or hindering the tunneling process to the STM tip. The
contribution of the local potential barrier remains the only one that can play a
role in the corrugation reversal previously discussed for the Fe(001)-p(1×1)O
surface. We remark that possible alterations of the surface potential barrier
might in principle be induced also by the interaction with the STM tip,
whose effect has not been considered in our analysis. Nevertheless we note
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that, to explain the observed findings, such tip induced alterations should be
more effective when the tip is farther from the surface than when it is closer,
which seems a counterintuitive result. It is therefore interesting to evaluate
the variation of the potential acting on the electrons due to the creation
of the O vacancy. To this purpose, we report in Fig. 1.10 the difference
in the KS potential between the defective surface and the one obtained by
reintroducing the removed O atom into the vacancy site.

Figure 1.10: Difference in the effective KS potential between the Fe(001)-p(1×1)O
surface with the vacancy (i.e., in absence of the O potential, which is strongly
negative close to the nucleus) and the same surface without the vacancy (indicated
by a white cross). The small spheres represent the O atoms; the large spheres
represent the Fe atoms in the first subsurface layer.

The dark shaded region (blue in the color version), Veff = +0.5eV )
around the vacancy site (i.e., in a region around the defect position of smaller
extent than the atomic size) corresponds to an increase of the potential in
presence of the vacancy, mostly due to the missing potential of the removed O
atom, which is strongly negative close to the nucleus. On the contrary, in the
less dark (red in the color version, ) Veff = −0.5 eV) symmetric lobes above
the vacancy region the potential is lower and consequently the decay of the
wave functions is slower. To be more intuitive, the latter regions represent
preferential channels for the tunneling process. Thanks to the presence of
these channels, the electron states on the O atoms closest to the vacancy can
more easily extend away from the surface, therefore resulting in the increased
brightness of the first neighbor O atoms. On the other hand, in the vacancy
position, the STM tip would be forced to come closer to the surface to suc-
ceed in coupling its electron states with those of the sample, there mainly
located in the subsurface Fe atom.

As a final remark, we underline that one should not deduce, from the
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previous considerations, that the atomic configuration is irrelevant in de-
termining the STM image formation, even though no significant O vertical
displacements are found upon the relaxation following the creation of the
O vacancy. In fact we have verified, by further simulations, that the STM
image obtained with an unrelaxed atomic configuration (not shown here) is
much different from the one shown in Fig. 1.9. Such an image actually shows
a very pronounced bright spot on top of the vacancy, which overwhelms the
other features, and does not reproduce the experimental evidence.

In conclusion, in this section we have focused our attention on a corruga-
tion reversal between oxygen only and iron only atoms seen on the Fe(001)-
p(1 × 1)O surface, as a function of the tip-sample distance. Comparison
between experimental images and first-principles calculations suggests that
the observed phenomenology is due to the different local potential barrier
on top of either O or Fe surface atoms. Based on this conclusion, we have
analyzed an oxygen vacancy created on the surface, and have been able to
produce a simulated image in fairly good agreement with the measurements.
We believe that our study can represent a suitable general approach for the
interpretation of STM images of oxidized metal surfaces where, in particular,
the geometrical structure cannot be a support for the understanding of the
experimental observations.

1.5 Electronic structure

The STM/STS measurements have been performed using an Omicron Vari-
able Temperature (VT)-STM in a UHV chamber connected to the prepara-
tion system. STS spectra (i.e., dI/dV curves) for the investigation of the
sample DOS have been acquired at room temperature, using a lock-in ampli-
fier with a modulation amplitude of 50 mV. In order to increase the signal-
to-noise ratio, all the presented STS spectra are the result of an average over
tens of acquisitions at same sample-tip bias Vb (sample bias with respect
to the tip) and tunneling current It set point, i.e., at the same tip-sample
distance. First principles calculations of the surface electronic structure are
performed within the DFT, using the generalized gradient approximation
(GGA) for the exchange and correlation energy functional. We use the em-
bedding code implemented by Ishida [33] to treat realistic surfaces through
all-electron full-potential calculations. This Green function based embed-
ding scheme [34] is able to consider a system which is infinite, periodic in
the surface plane but nonperiodic along the surface-normal direction z. A
finite embedded region along z is defined requiring that the perturbation due
to the surface is well screened inside. The problem is then solved in such a
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region only. For the clean ferromagnetic iron surface we have verified that
the perturbation is quite well screened within four layers beyond the surface.
In addition, also the oxygen overlayer and 11 Å of vacuum have been in-
cluded in the embedded region. Generalized boundary conditions guarantee
the correct behavior of the solution at both the bulk and the vacuum side.
The Greens function was expanded on a linearized augmented plane waves
(LAPWs) basis set using 11.6 Ry as cutoff. We set lmax=9 for the maximum
angular-momentum number of the spherical expansion inside the muffin-tins,
whose radii are 1.2 and 0.85 Å for iron and oxygen, respectively. The relaxed
surface atomic geometry has been taken as reported in Ref. [10]. The sur-
face Brillouin zone (SBZ) was sampled by a 18x18 regular mesh which was
reduced to a set of 55 indipendent k|| points.

STS data have been acquired both on the clean and on the Fe(001)-
p(1×1)O surface. We observe that the spectral features that can be extracted
from our measurements are independent of the lateral position of the tip with
respect to the surface unit cell and consequently can be considered as average
properties of the whole surface. Prior to the analysis of the Fe(001)-p(1×1)O
surface, we performed an STS investigation of clean Fe(001) in order to check
the surface quality before oxidation. A peak at about +0.2 eV was observed
in normalized dI/dV curves, in agreement with previous measurements [35]
and with our simulation (not shown). Raw dI/dV experimental data from
the Fe(001)-p(1×1)O surface (inset of Fig. 1.11) show two features at roughly
1 eV above EF and 0.5 eV below EF . In order to perform a detailed analysis
of the surface DOS features, thus allowing a direct comparison with ab ini-
tio simulations, STS curves have been analyzed using normalization to the
tunneling barrier transmission coefficient T [36], instead that to the exper-
imental total conductivity I/V [37]. In the framework of a onedimensional
(1D)-Wentzel-Kramers-Brillouin (WKB) treatment of the tunneling current,
it is possible to show that the following approximated expression holds:

ρt(0)ρs(eV ) ∝ dI/dV

Ts
, (1.1)

formula where s is the sample electron DOS at energy eV with respect
to EF , t0 is the tip electron DOS at EF ; V is the sample bias; Ts =
A[T (eV ), V, z)+T (0, V, z) is a symmetrical combination of the barrier trans-
mission coefficient T (ε, V, z). Using a 1D-WKB rectangular approximation,
T can be written as

T (ε, V, z) = exp[−2z

√
2m

h̄2
(φ+

eV

2
− ε)] (1.2)

where z is the tip-sample distance and ε the effective work function. It
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can be shown that using a normalized dI/dV the sample DOS is probed
mainly at positive applied voltage (unoccupied states), while the tip DOS is
probed mainly at negative bias [36]. However, assuming that the tip DOS
is nearly constant in the measured region, and higher than sample DOS at
Fermi level, Eq. (1.1) gives information about both occupied and unoccu-
pied DOS in the surface region, provided the negative bias is not too large,
i.e., it can be employed to extract also features related to sample occupied
states [38]. Reliable effective values of work function and tip sample distance
are required to perform this normalization. As discussed in [38], there are
different possibilities to evaluate these parameters from STS data. Here we
estimate the tip-sample distance by fitting the exponential tails of the dI/dV
spectrum and assuming an effective work function of 4.5 eV; however, the
choice of the work function does not influence the results and the discussion
reported below. The tip-sample distance obtained with the fitting procedure,
thus, represents an effective value to be used for the recovery of the sample
DOS within a 1D description of the tunneling process and provides a rough
but reasonable estimate of the real tip-sample distance.

Figure 1.11: Normalized STS spectrum of the Fe(001)-p(1 × 1)O surface (mea-
surement set-point: current It = 0.4 nA, bias Vb = 1 V). Inset: raw dI/dV
experimental data.

A normalized dI/dV curve of the Fe(001)-p(1 × 1)O surface is shown
in Fig. 1.11. This spectrum has been measured imposing a low set-point
tunneling current It(0.4 nA, corresponding to a relatively large tip-sample
distance), so that the perturbation induced by the tip is minimized. From
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the normalization procedure explained above we can estimate a tip-sample
distance of about 8 Å. Two features are detected at about +0.9 and -0.5
eV. These features are always observed using different W tips and have also
been measured using bulk Cr tips [39]; we can thus safely attribute them
to the sample electronic structure. In order to interpret the measured STS
spectrum we studied the Fe(001)-p(1×1)O surface from first principles. The
number of theoretical studies is scarce; the main part of them is devoted
to the structural properties of the system [10, 12, 13] and only few works
discuss spectral properties [40, 41]. One of the most accurate calculation
has been performed by Clarke et al. [42] and it shows the surface band
structure along a high symmetry path of the SBZ. In their work surface
states are distinguishable from the discrete features that form the projected
bulk bands, on the basis of the spatial localization of the wave function in
the surface region. In our embedding approach, due to the infinite extension
of the substrate, the surface band structure is a continuous function of the
energy for each k point of the SBZ so that surface resonances and discrete
states can be easily evidenced. The adsorption of oxygen on the iron surface
leads to a partial modification of the surface electronic properties. Although
the bonding p levels of oxygen lie very deep in energy, the antibonding states,
which extend for some eV around the Fermi level, hybridize with the Fe
surface atoms electronic structure. In Fig. 1.12 we report the computed
surface band structure for the majority (left panel) and the minority (right
panel) spin components calculated in the first Fe and O layers. The brighter
regions correspond to higher density of states and narrow lines are very sharp
features. The less dispersive d bands extend in the energy interval between
-5 and -1 eV for the majority component and between -2 and 2 eV for the
minority one. We note that due to the surface band narrowing the exchange
splitting at the Fermi level is larger than in the bulk. Surface states can be
identified as the brightest lines in Fig. 1.12. In particular at majority-spin
surface states are found at -3, -1.6, and -0.8 eV. On the other hand minority
spin surface features lie at higher energies, namely at -0.35 eV, in a 1 eV
wide range above the Fermi level, at 1.7, and 2.1 eV.

In Fig. 1.13 we report the computed density of states evaluated in the
two surface layers (Fe and O), in the energy interval proper of the STS
measurements. The majority and minority components are reported in the
upper and lower panels, respectively, while the dotted line corresponds to the
total DOS.

No evidence of adsorption induced surface-state reorganization with re-
spect to clean Fe(001) is found in the majority component. On the other
hand the minority-spin feature (found at 0.18 eV) of clean Fe(001) is not
observed upon adsorption of oxygen, while a peak at 0.8 eV is found that
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Figure 1.12: (a) Computed density of states of Fe(001)-p(1 × 1)O in the surface
region (surface and subsurface layer). (b) Computed density of states of Fe(001)-
p(1× 1)O integrated only into 1/5 of the SBZ around ; upwards arrow: majority-
spin component; downwards arrow: minority-spin component; dotted line: total
DOS.

we identify as a surface resonance due to its large amplitude in the vacuum
region. We observe that the computed position of this unoccupied minor-
ity surface state is in very good agreement with the measured position of
the large peak at positive bias in STS data. A further effect of the O-Fe
interaction is represented by the enhancement of the magnetization in the
surface iron layer (passing from 2.97 µB of the clean surface to 3.22 µB upon
the oxygen adsorption) and the appearance of a spin polarization also in the
oxygen layer, which we calculated to be equal to 0.22 µB, in agreement with
previous findings [40, 10]. Due to the faster decay toward the vacuum of the
wave functions at large k, the STS probing method has a higher sensitivity
to states around the Γ point. This is usually the case for surface states, even
though different situations can exist, since the decay in vacuum depends on
the specific dispersion relation for the considered surface state. This aspect
is not considered in the 1D-WKB normalization procedure of experimental
data. A simple method in order to permit a qualitative but direct compar-
ison between measured STS data and theoretical DOS, which would not be
otherwise straightforward, is to integrate the latter one in a smaller region
of the SBZ [35]. Here, considering the contribution to the DOS only from
1/5 of the SBZ around Γ, we obtain some new features with respect to the
total DOS, which give account of the measured peaks. In addition to the
main minority peak at +0.8 eV, structures at the Fermi level in the minority
component, peaked at about -0.35 eV, appear, together with a structure at

20



Figure 1.13: Computed surface band structure of Fe(001)-p(1×1)O: majority and
minority-spin components are reported in the left and right panels, respectively.

-0.9 eV in the majority component (see Fig. 1.13b). The enhancement of
the spectral weight of these structures upon integrating within a restricted
region of the SBZ is due to the flat dispersion around the Γ point. In this
way satisfactory agreement between experiment and theory is obtained not
only for the minority peak at +0.8 eV, but also for the structure at negative
energy (-0.35 eV from theory vs -0.5 eV from experiments). The agreement
is even better if effects related to measurement conditions are taken into
account. Ab initio calculations indicate the minority-spin character of the
measured surface states. We observe that the broadening of the measured
features with respect to calculations could be related to a convolution of the
fine structures visible in Fig. 1.13.

Now we discuss the influence of measurement conditions. We have already
mentioned that minimizing the tunneling current and the tip electric field
(i.e., at large tip-sample distance ) corresponds to a situation which is closer
to the unperturbed isolated surface (in equilibrium). When a larger set-point
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tunneling current is employed for STS measurements, the corresponding tip-
sample distance is decreased, leading to a significant perturbation of the
system, a shift of the above discussed peaks is observed. In Fig. 1.13 we
show normalized dI/dV data from the Fe(001)-p(1 × 1)O, acquired using
different (ItV,b ) set points (in particular different set-point current in the
range from 0.4 to 5.3 nA, keeping the set-point bias at 1 V). The same two

Figure 1.14: (a) Normalized STS spectra of the Fe(001)-p(1x1)O surface, mea-
sured at different values of the setpoint current It (Vb=1 V). The arrows indicate
the energy positions of the surface states; Gaussian fit for the feature in unoccu-
pied states is shown (solid line). (b) Position and (c) width of the peak in the
unoccupied states as a function of set-point current It. Linear fit is shown (solid
line).

features commented above are detected; nevertheless both peaks broaden
and shift away from the Fermi level when increasing the tunneling current
It. This observation is not affected by the normalization procedure, i.e.,
the same trend as a function of set-point can be detected in raw (i.e., non-
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normalized) dI/dV data (not shown). In order to quantitatively evaluate
these effects, we performed a Gaussian fit of the large feature. Both position
and width increase linearly when increasing it, as shown in Fig. 1.14. From
the linear fit, we can extrapolate the peak position E0 and the full width
at half maximum (FWHM) w0 at zero current, and we obtain E0=0.83 eV
and w0=0.85 eV respectively. A similar effect (shift to more negative bias)
is qualitatively observed for the peak in the occupied states, even though
much less marked (and difficult to quantify, since the feature is weak and not
easily separable from the background). We note that this kind of effect is not
observed on the clean Fe(001) surface,i.e., the position of the peak at +0.2 V
is not influenced by the tunneling current. Also, the large shift detected when
the set-point current increases from 2.6 to 5.3 nA corresponds to a very small
difference in tip-sample distance (a reasonable estimate provides ∆z < 0.5Å).
Different effects have been invoked in the literature to explain observed shifts
of STS features as a function of the measurement set point, i.e., of the applied
electric field between tip and sample and/or of the tunneling current, for
instance tip-induced band bending (in semiconducting surfaces) [43], Stark
effect [44], different decay behavior of surface wave functions into vacuum,[45]
and transport-limited surface charging (i.e., setup of a nonequilibrium surface
configuration, in which one or more electrons are injected into unoccupied
surface states) [46]. Even though no definite conclusion can be drawn in
our case yet, simple arguments indicate that some of these effects can be
ruled out. In fact, band bending effects are typical of semiconductors, being
electric field effects in metal surfaces usually much smaller. Also, the large
shift detected upon a small change in tip-sample distance (i.e., going from
2.6 to 5.3 nA set-point current) points into the direction of excluding effects
related to the tip electric field perturbing the system, or to the different
decay behavior of surface wave functions into vacuum. Within this simple
scheme, an out-of-equilibrium configuration due to electron injection in the
surface seems to be the major responsible for the observed shift. In this
context, we note that the situation for STS is qualitatively similar to inverse
photoemission spectroscopy (IPS), in which electrons are also added to the
system. In particular, IPS data from Fe(001)-p(1 × 1)O identify a surface
feature (located at 1.8 eV above EF ) that is shifted to larger energy with
respect to theoretical expectations [47]. In that case, the discrepancy has
been attributed to the difference between the excited states in the presence
of an extra electron (sampled in IPS) as compared to those calculated for
the unperturbed system. This difference can originate sizable shifts of the
spectral features toward higher energies in experiments in which electrons are
added to a system with low screening efficiency. This is actually the case for
Fe-O systems where oxygen atoms act as ligands with considerably localized
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states, as it has been thoroughly discussed for bulk FeO [48]. Similar effects
could well be at the basis of the present STS findings when the tunneling
current injected into the surface is increased. A deeper understanding of the
observed shifts would of course benefit from simulations of the surface in
out-of-equilibrium conditions or in the presence of a strong localized electric
field. However, we can conclude that good agreement is obtained if the
zero-current extrapolated position E0=0.83 eV is directly compared to the
computed energy position of the surface state (0.83 vs 0.8 eV). Physically,
we can interpret this limit as corresponding to infinite tip-sample distance,
i.e., unperturbed system.

1.6 Surfactant effect

Fig. 1.15 reports STM topography images obtained on Fe(001) and Fe(001)-
p(1× 1)O surfaces after room temperature deposition of 0.25 and 3.5 mono-
layers (ML) of iron (1 ML = 0.143 nm). The early stages of growth are
characterized by the same morphology, while the topography of the two sur-
faces is quite different at higher coverage. After a few monolayers of iron are
deposited on the clean Fe(001) surface we observe a typical mound struc-
ture [49, 50] with four layers exposed in Fig. 1.15(c). On the other hand,
when the same amount of iron is deposited on Fe(001)-p(1×1)O, the surface
presents only two exposed layers. The wedding-cake structure observed in
Fig. 1.15(c) is replaced in Fig. 1.15(d) by single-layer islands covering about
half a layer. Fig. 1.16 shows the progression of the surface morphology during
Fe homoepitaxy on Fe(001)-p(1× 1)O in the submonolayer coverage range.

The lowest coverage is characterized by a high density of circular-shaped
islands. When the coverage is increased, these islands coalesce forming a
percolation network. Further deposition of iron causes the completion of
the growing layer before the next layer begins to nucleate, confirming the
well-known layer-by-layer growth mode of Fe on Fe(001)-p(1 × 1)O and the
surfactant action of the oxygen atoms chemically bound to the Fe(001) sur-
face [51]. In principle, two distinct conditions must be fulfilled in order to
have a surfactant action. First, the surfactant atoms must be able to float
on the surface during the growth. In this respect it is important to estab-
lish whether the oxygen is present at the surface of the growing islands or
whether it floats only after the layer is completed. An inhomogeneous oxygen
distribution can in fact lead to a different diffusion rate of the atoms landing
on the substrate or on an island, influencing in this way the morphology of
the growing surface. Fig. 1.17 displays STM and STS data measured on the
region straddling an island grown on the Fe(001)-p(1 × 1)O surface [panels
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Figure 1.15: (Color online) STM topography after deposition of 0.25 ML of iron
on Fe(001) (a) and Fe(001)-p(1 × 1)O (b). STM topography after deposition of
3.5 ML of iron on Fe(001) (c) and Fe(001)-p(1× 1)O (d). (e) and (f) STM profile
measured along the lines traced in panel (c) and (d), respectively.

(a) and (b), respectively]. The STS spectra collected on the substrate and
on the islands are very similar, presenting the typical spectroscopic features
observed on a freshly prepared Fe(001)-p(1× 1)O surface, located at roughly
1 eV above the Fermi energy (EF ) and 0.5 eV below EF [31]. This demon-
strates that the oxygen atoms float on top of the surface, as also confirmed
by the atomically resolved STM topography in Fig. 1.17(a). In this figure,
the same (1 × 1) symmetry with a corrugation of about 30 pm, typical of
Fe(001)-p(1×1)O [31], is observed on both the substrate and the island [note
that the atomic corrugation on clean Fe(001) is smaller than 2 pm, i.e., be-
low our vertical sensitivity]. The second condition for the adsorbed atoms
to exhibit a surfactant action is that their presence should enhance the ratio
between the interlayer and intralayer mass transport efficiency. The surfac-
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Figure 1.16: (Color online) Surface morphology for increasing coverage of iron on
Fe(001)-p(1× 1)O: (a) 0.25 ML, (b) 0.5 ML, (c) 0.7 ML, (d) 0.85 ML.

tant can affect this ratio by either (i) increasing the interlayer mass transport
or (ii) decreasing the intralayer mass transport. In the first case, the surfac-
tant atoms directly lower the potential barrier at the step edges (Schwoebel
barrier) without changing the diffusion coefficients within a given layer. In
the second case, the surfactant hinders the intralayer diffusion, usually lead-
ing to a very high density of small islands in the first stages of nucleation
[52, 53]. The importance of this effect can be appreciated by considering
that reducing the sample temperature can change the growth mode even in
the absence of any surfactant, increasing at the same time the number of
islands in the very first stages of growth. The island average size can signif-
icantly affect the growth mode because atoms deposited on smaller islands
have a higher attempt frequency to overcome the potential barrier and de-
scend on the lower layer. Moreover, the nucleation of a second layer is less
probable on top of a smaller island due to the reduced number of succes-
sive arrivals of atoms [52, 53]. Generally speaking, the surfactant action can
change both the intralayer and the interlayer mass transport. While cases
have been reported in which the surfactant changes the intralayer diffusion
leaving substantially unchanged the interlayer mass transport [52, 53], the
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reverse situation has not been observed so far. For instance, oxygen-induced
lowering of the potential barrier at the step edges has indeed been observed
on the Pt(111) surface covered by an ordered p(2× 2) oxygen overlayer [54].
In that case, however, the intralayer diffusion was also significantly modified
by the presence of oxygen, as testified by the fact that the island density is
16 times larger on the oxidized surface than on clean Pt(111). Surprisingly,
we found that in our case the intralayer mass transport is not affected by the
presence of the surfactant. Inspection of Figs. 1.15(a) and 1.15(b) indicates
that the density, shape, and average size of the islands forming during the
first stage of Fe growth on either Fe(001) or Fe(001)-p(1×1)O are essentially
the same, which means that the intralayer mass transport is substantially
unaffected by the presence of oxygen on the surface. In fact, in the pristine
Fe(001) surface, we measured an island density equal to 0.18 nm−2 (standard
deviation is 0.001 nm−2) and an island average size of 1.41 nm−2 (s.d. = 0.12
nm−2). In the Fe(001)-p(1 × 1)O surface the island density is 0.16 nm−2

(s.d. = 0.001 nm−2) and an island size of 1.56 nm−2 (s.d. = 0.17 nm−2).
Note that in cases where surface diffusion is significantly reduced by the pres-
ence of a surfactant, the island density in the early stages of nucleation on
the surfactant-covered surface is orders of magnitude larger than that of the
clean surface. We thus deduce that oxygen shows surfactant properties by
increasing the efficiency of interlayer mass transport. This conclusion dif-
fers from that proposed in Ref. [7], where it was suggested that the oxygen
surfactant action could be similar to that of Pb during the homoepitaxial
growth of Cu on Cu(111) [52]. In this case, easy incorporation of incoming
Cu below the Pb layer inhibits intralayer diffusion, while interlayer transport,
promoting layer-by-layer growth, still occurs by exchange with atoms at the
borders of nucleated islands and is only slightly influenced by the presence
of the surfactant [52]. In this way the ratio between interlayer and intralayer
mass transport is enhanced and the layer-by-layer growth established. In
our case, STM analysis allows us to rule out that oxygen significantly af-
fects intralayer mass transport, suggesting that the oxygen does not change
the diffusion mechanism within the terrace, and that the surfactant action
is solely due to a reduction of the Schwoebel barrier. To give a possible ex-
planation of the Schwoebel barrier lowering, we briefly recall the atomistic
mechanisms involved in the interlayer diffusion. An atom arriving at the
island edge can cross the step by either hopping over the step or pushing
out one edge atom [55]. Generally, the second mechanism (also known as
exchange process) is the most efficient one in the case of homoepitaxy and
heteroepitaxy of metals [52, 55]. As discussed previously, when we deposit
iron on the Fe(001)-p(1×1)O surface the growing islands are under compres-
sive stress due to the chemisorbed oxygen. Compressive stress is known to
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induce a lateral relaxation of the edge atoms, which is proven to favor the
exchange process, e.g., during the growth of Ag on the (111) surfaces of Ag
and Pt [56, 57]. We thus propose a link between the oxygen-induced stress
and the enhanced interlayer mass transport.

Figure 1.17: (Color online) (a) STM topography on a region straddling the
Fe(001)-p(1× 1)O substrate (dark) and an island (bright) formed upon Fe evapo-
ration. (b) STS spectrum measured on the island. Both substrate and island are
characterized by the same (1× 1) corrugation and STS spectrum.
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Chapter 2

Oxygen mediated 3d
metals/Fe(001) interfaces

2.1 Introduction

Thin films of metals epitaxially grown on metals have attracted sustained
scientific and technological interest for more than half a century.

The structural and morphological stability of ultrathin heteroepitaxial
films is strongly dependent on a number of factors like the strain induced
by lattice mismatch, the kinetics conditions of growth and the presence of
adsorbates on the substrate [58].

In particular, magnetic thin films and superlattices can be characterized
by new magnetic phases and exotic magnetic couplings. In this frame the
interfaces between Cr/Fe(001) and metastable Ni/Fe(001) are prototypical
examples of such kind of systems.

The Cr/Fe(001) system was extensively studied in the past [59, 60, 61, 62],
particularly by focusing on the surface morphology and on the chemical inter-
actions occurring at the interfaces. The use of Fe/Cr/Fe as a model system
made possible significant progress in the understanding of the phenomena of
exchange coupling between ferromagnetic layers separated by a nonmagnetic
layer [63]. In this kind of structures it is crucial to obtain abrupt interfaces
and smooth surfaces, because the magnetic properties are strongly influenced
by the chemical composition and by the structure of such interfaces. Layer
by layer growth has been obtained by growing at high substrate temperature
(T=570 K). Such an approach, on the other hand, was affected by a relevant
problem, namely interface alloying between Fe and Cr [61, 62]. The lat-
ter was greatly enhanced by the high deposition temperature, and has been
thought to be responsible for a phase shift observed in the magnetic ordering

29



of the chromium layers. An alternative to high temperature deposition could
be the use of the surfactant.

In the field of ultrathin magnetic films, metastable body-centered-cubic
(bcc) phase of nickel has attracted great interest in the past [70, 71]. The
only phase observed at normal temperature and pressure in bulk Ni crystal
has the face centered cubic (fcc) structure, but metastable bcc phase has
been stabilized both on magnetic or non magnetic substrates [70, 71, 72].
Thin epitaxial Ni films grow pseudomorphically on the Fe(001) with a bcc
structure and in a layer by layer mode for few layers [69]. The magnetic
properties of these bcc Ni ultrathin films strongly depends on parameters like
the interlayer spacing, film roughness and hybridazation with the substrate
[73]. For instance it is predicted theoretically that bcc Ni at equilibrium (with
a lattice constant of 0.2773 nm) would be paramagnetic, but a transition to a
ferromagnetic state would occur upon expansion of the lattice beyond 0.2815
nm [73].

In this respect it is interesting to investigate the oxygen induced effects
on the nickel films grown on the Fe(001) surface. In fact, it has been demon-
strated that a single layer of chemisorbed oxygen on the Fe(001) causes a
strong relaxations of the topmost layers [9, 10, 11, 12, 13], giving rise to phe-
nomena like enhanced surface magnetic moment [4] and surfactant action
[5, 6, 7].

In this chapter will discussed the oxygen induced effects on the Cr/Fe(001)
interface and on the Ni/Fe(001) interface.

In the section 2 the oxygen-aided growth of thin Cr film on the Fe(001)
substrate will be discussed, and in particular the temperature dependence
of the oxygen surfactant action. What we found is that when the Cr film
is grown at 400 K the oxygen overlayer chemisorbed on the Fe(001) surface
acts as a surfactant, inducing a smoother growth with respect to the case of
the oxygen free Fe(001) substrate.

In the section 3 we will analyze the oxygen mediated Cr/Fe ordered sur-
face alloy, obtained during high temperature deposition of Cr on Fe(001)-
p(1×1)O. When the film is grown at 600 K we found that in the submonolayer
range an ordered oxygen mediated alloy with a structure c(2x4) is formed.
Increasing the coverage up to about 1.2 monolayer leads to the stabilization
of a strained (

√
5×
√

5)R27◦ phase, related to the presence of Cr vacancies.
The section 4 is about the oxygen mediated Ni/Fe(001) interface. In

the case of Ni deposition on the oxygen passivated Fe(001) we observed an
”antisurfactant” effect. When Ni is deposited on the oxygen free Fe(001)
it forms a wetting layer and the growth is layer by layer up to 6 ML. On
the other hand in the first stages of growth of nickel films on the Fe(001)-
p(1 × 1)O we find that there is the formation of bi-layer islands and the
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growth is Volmer-Weber like. Increasing the coverage up to of 5-6 monolayer
leads to the stabilization of a strained (

√
5×
√

5)R27◦ phase.

2.2 Oxygen aided growth of Cr on Fe(001)

The first set of depositions was performed at a substrate temperature of 380
K. Fig. 2.1 compares the topography of the sample after sub- and multi-layer
deposition on both Fe(001) and Fe(001)-p(1× 1)O surfaces.

Figure 2.1: Topographic images of Cr films grown at 380 K on the Fe(001) [panels
(a) (c)] and on the Fe(001)-p(1×1)O [panels(b) and (d)] substrates. The coverage
is about 0.1 ML in panels (a) and (b) and about 5 ML in panels (c) and (d).
Images have been shaded (light source on the right) to enhance small details. The
scale bar apply equally to the four images.

No striking differences can be observed when comparing oxygen free
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Fig. 2.1(a) and oxygen covered surfaces Fig. 2.1(b), in the case of sub-
monolayer (0.1 ML) Cr growth, in terms of island density [about 18× 10−11

islands/cm2 in Fig. 2.1(a), compared to 27×10−11 islands/cm2 in Fig. 2.1(b)]
and shape. In both cases, the completion of the first monolayer is seen to
proceed via the formation of nucleation centers at the early stages of growth
and after (not shown) via the growth of islands and their coalescence when in-
creasing the coverage in the sub-monolayer regime. Multilayer Cr growth on
the Fe(001) substrate then proceeds via the formation of mounds [Fig. 2.1(c)].
This phenomenon is related to the presence of a barrier at the edges of steps
and islands, called Ehrlich Schwoebel (ES) barrier, which increases the res-
idence time of adatoms on the islands, thus increasing the probability of
formation of new nuclei on top, as reported for iron homoepitaxy. At vari-
ance with the situation seen in Fig. 2.1(c), panel (d) shows that the presence
of an oxygen layer on the substrate promotes a layer by layer growth. This
conclusion is evidenced by considering the horizontal line profiles reported
below the STM images in Fig. 2.1. In particular, the corrugation profile re-
lated to panel (c) features steps as high as 2 or 3 ML, while the one related
to panel (d) reveals the presence of only 1 ML high islands, meaning that the
growth is proceeding by layers. Fig. 2.2 reports as-measured XPS spectra of
the O 1s core level region from the Fe(001)-p(1×1)O surface (black squares)
and from a 5 ML Cr film on Fe(001)-p(1 × 1)O (red circles). The peak on
the left is part of the L3VV Auger signal from iron.

Figure 2.2: Photoemission spectra of the O 1s core level region from the Fe(001)-
p(1×1)O substrate (black squares) and from a 5 ML Cr film on Fe(001)-p(1×1)O
(red circles) grown with a substrate temperature of 380 K. The Fe Auger peak (see
text) is indicated by an arrow. The solid lines are guides to the eyes.

The comparison between these spectra reveals that the intensity of the
Auger signal is reduced, as expected from electron attenuation through the
Cr film, while the intensity of photoemission from oxygen is not reduced.
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This result demonstrates that oxygen atoms segregate to the topmost layers,
thus creating an oxygen-enriched region where the surfactant action takes
place [64]. Oxygen can therefore be considered responsible for the different
type of growth observed in Fig. 2.1(c) and in Fig. 2.1(d), respectively. The
energy shift in the O 1s peak position, which amounts to 1.1 eV, can be
understood as a result of the different chemical bonding experienced by the
oxygen atoms on the Cr surface.

The second set of depositions was performed at 570 K. Fig. 2.3 shows the
surface topography after the deposition of 0.4 ML (panels a and b) and 5
ML (panels c and d) of chromium.

For what concerns sub-monolayer deposition, we observe that the density
of islands in Fig. 2.3(a), referring to Cr deposition on a pristine Fe(001)
surface, is evidently higher than in Fig. 2.3(b), which refers to Cr deposition
on the Fe(001)-p(1×1)O surface. In both cases, the islands retain a rounded
shape, due to the enhanced mobility of edge adatoms, which allows for the
healing of corners at the island’s sides during growth. Furthermore, a part of
the deposited atoms have diffused toward step edges, which are characterized
by the same rounded profile as the islands. Fig. 2.3(c) and (d) show the
sample morphology after the deposition of 5 ML of chromium on the Fe(001)
surface [panel (c)] and on the Fe(001)-p(1×1)O surface [panel (d)] at 570 K.
While deposition on the oxygen free substrates yields a layer by layer growth
(see the horizontal line profile below the figure) with rounded islands and
edges, the surface morphology of panel (d) is dominated by mounds with
a square like base and the shape of a step pyramid. Many of the mounds
include a spiral core, as shown in the inset. Spirals are separated by deep
grooves, and are reminiscent of the mounds structure of Fig. 2.3(c). The
significant differences in terms of Cr surface morphology between the lower
and the higher growth temperature cases do not find a correspondence when
analyzing XPS results. In particular, the spectra line shapes for Cr 2p and
Fe 2p core levels (not shown), are almost unchanged when measured on the
5 ML Cr/Fe(001)-p(1 × 1)O samples obtained in the two growth regimes.
Similar observations can be made when inspecting the O 1s core level region.
Fig. 2.4 reports as-measured XPS spectra of such a region, and compares the
Fe(001)-p(1 × 1)O surface (black squares) and a 5 ML Cr film on Fe(001)-
p(1× 1)O (red circles), similar to Fig. 2.2.

Analogously to the lower temperature case, the intensity of the signal due
to the photoemission of oxygen core electrons is not reduced. The only small
difference is in the peak position, which is shifted to higher binding energies
by 0.7 eV instead of 1.1 eV, suggesting possibly a different coordination of
the oxygen atoms at the surface. Therefore, it is clear that oxygen atoms
still segregate to the topmost layers, even if this does not lead to a layer by
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Figure 2.3: Topographic images of Cr films grown at 570 K on the Fe(001) [panels
(a) and (c)] and on the Fe(001)-p(1 × 1)O [panels (b) and (d)] substrates. The
coverage is about 0.4 ML in panels (a) and (b) and about 5 ML in panels (c) and
(d). Images have been shaded (light source on the right) to enhance small details.
The scale bar apply equally to the four images. The inset of panel (d) shows a
square pyramid; the scale is doubled with respect to the other images.

layer growth in the higher temperature case.
The results presented have shown that the surfactant effect of oxygen

on the growth of a Cr film on a Fe surface can be strongly affected by the
growth temperature. With reference to the lower growth temperature cases
(see Fig. 2.1), we first consider the initial stages of islands nucleation, at sub-
monolayer coverages. The most remarkable information that we can obtain
by comparing Fig. 2.1 (a) and (b) is the very similar density of islands (about
18×1011 islands/cm2 compared to 27×1011 islands/ cm2). At sub-monolayer
coverages, before islands coalescence, we expect that the density of islands
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Figure 2.4: Photoemission spectra of the O 1s core level region from the Fe(001)-
p(1×1)O substrate (black squares) and from a 5 ML Cr film on Fe(001)-p(1×1)O
(red circles) grown with a substrate temperature of 570 K. The Fe Auger peak (see
text) is indicated by an arrow. The solid lines are guides to the eyes.

can be related to the deposition rate and to the energy barrier for single
atom hopping from one lattice site to the next. Since the deposition rate
was the same when growing Cr on top of both the Fe(001) and the Fe(001)-
p(1 × 1)O surfaces, the similar density of islands in panels (a) and (b) of
Fig. 2.1 clearly indicates that the oxygen layer does not appreciably reduce
the effective diffusion length of Cr adatoms at sub-monolayer coverage. More-
over, our findings imply that the rate of incorporation of adatoms into the
surfactant layer is negligible with respect to the rate of islands nucleation at
380 K. If we now consider the early stages of island nucleation for the higher
growth temperature cases [see Fig. 2.3, panels (a) and (b)], we observe two
dramatically different situations. In the first place, in the case of the oxy-
gen free growth on the pristine Fe(001) surface, we find that the number of
sub-monolayer islands in Fig. 2.3(a) is about 8.0× 1010 islands/cm2 (i.e. one
order of magnitude smaller than in the lower temperature case, see above),
consistent with the coverage observed in the literature under very similar
growth conditions. In fact, with respect to the adatom hopping mechanism,
higher temperatures are expected to increase the diffusion length of adatoms
and conversely reduce the density of nucleated islands. A complication could
be represented by the presence of terraces, which can perturb the local den-
sity of adatoms and reduce the number of nucleated islands by incorporating
incoming atoms. A qualitative inspection of Fig. 2.3 (a) reveals anyway that
the terrace edges do not seem to perturb the local density of islands upon the
terrace (i.e. we do not observe depleted zones on the terrace upper sides),
consistently with the existence of the ES barrier, which impedes the mecha-
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nism of adatom incorporation into the steps. In the second place, the case of
sub-monolayer Cr deposition on Fe(001)-p(1× 1)O at 570 K is characterized
by an evident further reduction of the islands. Fig. 2.3 (b) shows, in par-
ticular, that islands are formed only at the bottom of the terrace structure.
After extended observations of the sample surface, we can conclude that the
mechanism of island nucleation takes place only on wide terraces. This is
consistent with a lowering of the ES barrier at the step edges, favoring the
interlayer transport of adatoms, as already observed in the case of oxygen
aided iron homoepitaxy (see chapter 1). If we now increase the Cr cover-
age, the evolution of the higher temperature grown Cr/Fe(001)-p(1 × 1)O
system leads to surprising results. The addition of surfactants is usually
thought to reduce the roughness of the deposited films with respect to the
growth on clean substrates. Fig. 2.3 (d), however, shows an unexpected sur-
face evolution, characterized by the presence of spirals. The latter can be
understood as the result of the revolution of a step edge around the core
of a screw dislocation, which pins the step itself. Growth spirals were also
observed during Cr epitaxy on Fe(001) substrates [(Fig. 2.3(c)]. The compe-
tition with island formation, however, did not allow for the development of
the structure observed during growth on Cr/Fe(001)-p(1 × 1)O substrates,
characterized by several turns around the spiral core (at the Cr coverages
considered in the present work). In order to have the formation of spirals,
the growth mode should change from growth by island nucleation to step
flow like, in which adatoms stick directly to the edges, instead of nucleating
new islands on the substrate. The transition between the island formation
and the step flow regimes is determined by several parameters (see e.g. Ref.
[65]). The growth temperature and the presence of screw dislocations (or
extended edges in general) on the substrate, for instance, are fundamental
ingredients. Regarding the presence of screw dislocations, a qualitative com-
parison between Fig. 2.3(a) and (c) (oxygen free growth case), and between
Fig. 2.3(b) and (d) (oxygen aided growth case) reveals that the number of
dislocations on the Cr films is comparable to that on the Fe substrate itself,
in both cases. For what concerns the growth temperature, it actually was the
same when growing Cr on both the oxygen free and on the oxygen covered
substrates (Fig. 2.3 panels c and d, respectively), and lower than the tem-
perature the samples felt during substrate preparation. The major difference
between the cases of Fig. 2.3c and d is again the presence of oxygen during
growth. Oxygen must therefore play a significant role in determining the
three dimensional growth mechanisms that produce Cr spirals at the higher
temperature growth. In particular, some parameters that are expected to be
influenced by the presence of oxygen are the diffusion coefficient of adatoms
and the strength of the atom binding at the edges.
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To summarize our experimental results, we have observed that the pres-
ence of oxygen on the Fe surface produces a layer by layer growth of ultra-
thin Cr films on Fe(001) when such a growth is realized at T=380 K. XPS
measurements testify that oxygen segregates to the topmost layers and con-
tribute to demonstrate the surfactant action of oxygen. The latter mainly
acts through the lowering of the ES barrier at the step edges, favoring the
interlayer transport of adatoms, i.e. the filling of the lower layers before
nucleating new islands on top of the existing ones. A significantly differ-
ent morphology is observed when Cr is grown at T=570 K, showing that
the oxygen surfactant effect is strongly affected by the substrate tempera-
ture. In particular, at variance with the observations reported for the lower
temperature case, the growth mechanisms on top of the Fe(001) and of the
Fe(001)-p(1 × 1)O surfaces are different already at a sub-monolayer level.
Such mechanisms, in the presence of oxygen, lead to a complicated three di-
mensional growth scenario, characterized by spirals with a square like base.
The surfactant effect in such a case is therefore lost.

2.3 Oxygen mediated alloying of Cr on Fe(001):

the c(4× 2) and (
√

5×
√

5)R27◦ phases

In Fig. 2.3 there is a comparison of the submonolayer deposition of Cr on the
pristine Fe(001) and Fe(001)-p(1×1)O. When we deposit Cr on the Fe(001)-
p(1× 1)O, the number of nucleated islands is less than that we find when we
use as substrate the oxygen free Fe(001). Surprising, for a nominal deposition
of 0.4 ML of Cr (as measured from the quartz microbalance calibration), we
find that the islands cover only about 0.05 ML. Furthermore, the islands
nucleate only on large terraces, indicating that the steps can influence the
nucleation process, acting as a sink for the adatoms. In figure Fig. 2.5 there
is a microscopic view of the surface. After the Cr deposition we find that
the surface is covered by bright spots embedded on the substrate, that are
imaged as atomic corrugation (apparent height 50 pm). The bright spot
number increases with the Cr deposition and is consistent with the nominal
coverage. An interesting feature is that their disposition is somehow ordered.
In particular, when the nominal coverage is about 0.4 ML, there are clearly
visible regions in which the bright spots form a c(4× 2) superstructure.

When the Cr coverage is increased to 0.75 ML the c(4×2) structure covers
the entire surface (see Fig. 2.6), as confirmed also by the LEED pattern
(not shown) . After further deposition of Cr, a dramatic change takes place
and the overlayer symmetry becomes (

√
5×
√

5)R27◦, characterized also by
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Figure 2.5: Microscopic view of 0.5 ML of Cr deposited on Fe(001)-p(1 × 1)O.
The bright spots are measured as atomic corrugation (apparent height 50 pm)

a very sharp LEED. What we observed is that the coverage at which the
overlayer structure switches from c(4 × 2) to (

√
5 ×
√

5)R27◦ is about 1.2
ML, and that further increase of the Cr film thickness does not change the
overlayer structure, even tough the LEED pattern becomes weaker, due to
the increased surface roughness and the spiral formation (see the previous
section).

The experimental data suggest the formation of an alloyed phase in the
submonolayer range. The bright spots are related to the presence of the Cr
atoms, even if we do not have the experimental evidence that what we image
as protrusion are the Cr atoms. The XPS spectra taken before and after the
Cr evaporation (not shown) are unchanged, thus we can state that we still
have an oxygen monolayer present on the top of the surface.

Based on this experimental results, we suggest a model in which the Cr
atoms replace 3/4 of the iron atoms present in the topmost layer, giving a
formal stoichiometry Cr3FeO4. Notice that when we deposited Cr at 470 K
we were able to reproduce the result of Davies et al. [61] In that case:(i) in
the submonolayer range there is a strong Cr interdiffusion into the bulk of
the iron and only one out of 4 deposited Cr atoms stays in the surface layer;
(ii) the topmost layer is characterized by the formation of a disordered alloy.
On the other hand, in the case of Cr deposition on the oxygen passivated
surface, what we observed is that: (i) within the experimental error all the
deposited atoms remain in the surface layer and (ii) the alloyed phase is well
ordered, giving a c(4× 2) superstructure.

The interpretation of the (
√

5 ×
√

5)R27◦ is quite different. In fact, the
(
√

5×
√

5)R27◦ phase is present also on the oxygen covered Cr(001) surface
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Figure 2.6: The c(4 × 2) phase obtained after the evaporation of 0.75 ML of Cr
on Fe(001)-p(1× 1)O

Figure 2.7: The (
√

5 ×
√

5)R27◦ phase: (a) Leed pattern at 107 eV, (b) atomic
resolution and (c) atomistic model
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[66], thus we can speculate that in this case the surface is composed only by
Cr and oxygen atoms. A model of this surface, based on the work of Schmid
[66], is shown in Fig. 2.7. The dark spots are interpreted as Cr vacancies and
the stoichiometry in this case is Cr4O5.

In conclusion, during the first stage of growth at high temperature (470
K), there is an oxygen mediated Cr/Fe surface alloy, highly ordered and with
a c(4 × 2) symmetry. Increasing the Cr coverage gives the (

√
5 ×
√

5)R27◦

overlayer. In this case the holes seen in the STM images are interpreted as
chromium vacancies, and we can see the system as a Chromium oxide single
layer accomodated on the top of the Fe(001) surface.

2.4 Nickel nanolayers on oxygen passivated

Fe(001) surface

Nickel films were grown onto Fe(001)-p(1×1)O substrates by molecular beam
epitaxy under UHV conditions, with a typical growth rate of about 0.7 equiv-
alent monolayers per minute (where one equivalent monolayer 1 ML equals
the amount of Ni atoms required to completely saturate the adsorption sites
on the Fe substrate, i.e. about 12.2 × 1014 atoms/cm2). The sample was
heated by resistive heating and its temperature was measured by a thermo-
couple attached in close proximity to the sample position. The deposition
rate was estimated by a quartz microbalance.

Fig. 2.8 shows the STM images taken on a 100×100 nm2 scale for increas-
ing nickel coverage. The initial nucleation is characterized by flattop islands.
The measured island height is found to be about 280 pm [see Fig. 2.8(f)] and
is not affected by the tunneling conditions used. Considering that for very
thin films nickel grows pseudomorphic on bcc iron and that in the Fe(001) 1
ML corresponds to 143 pm, we can assume that the measured height corre-
spond to 2 ML . The number of single layer islands is negligible (less than
3%).

The diagram in figure Fig. 2.8(e) displays the layer filling of the first 3
layers when the nominal coverage is increased from 0.3 up to 2.5 ML. For a
nominal coverage of 0.3 ML the islands are all 2 ML high, with only few nuclei
of the third layer (less than 2%). When the nickel coverage is increased, the
third layer filling proceeds faster, and for a total coverage of 2.5 ML we find
that 80% is covered by islands of 3 ML, and that 20% of the surface is still
uncovered.

For 5 ML of nominal coverage the substrate is completely covered by the
nickel film, and there are still 3 layers exposed. A remarkable feature is that

40



Figure 2.8: STM topography after deposition of (a) 0.3 (b) 0.5 (c) 1.1 (d) 2.4 ML
of nickel on Fe(001)-p(1×1)O. Panel (e) shows the percentage of completion of the
layers versus the number of equivalent monolayers deposited. (f) STM image of
a Ni island 2 ML thick formed after deposition of 3 ML nickel and correspondent
topographic line scan.

the topmost layer always nucleates at the edges of the islands belonging to
the previous layer, forming in this way steps of 2 ML (see Fig. 2.9)

41



Figure 2.9: STM topography after deposition of 5 ML of nickel. There are 3 layers
exposed.The nucleation of the topmost layer is always at the edge of the islands
belonging to the previous layer.

Fig. 2.10 displays an atomic resolved image on a region straddling the
Fe(001)-p(1 × 1)O substrates and an island 3 ML high. The substrate and
the islands have both a square symmetry, but on the top of the island some
randomly distributed holes are visible. These holes are measured by STM
as depressions 30 pm deep and occupy the equivalent lattice sites of the
islands in which protrusions are visible. In order to see the geometric relation
between the bright spots of the substrate and of the island we have drawn
parallel lines crossing the island edge [see Fig. 2.10(b)]. The result is that the
bright spots of the substrate are aligned to the bright spots of the islands.

When the substrate is completely covered by nickel the order of the holes
increases and some patches of (

√
5×
√

5)R27◦ reconstruction (Fig. 2.11) are
clearly visible. The order of this superstructure is too weak to result in well-
defined peaks in either the Fourier transform of the STM image or the LEED
pattern.
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Figure 2.10: (a)(b) Atomic resolved image on a region straddling the Fe(001)-
p(1×1)O substrate (dark) and a nickel island (bright) 3 ML high. The bright spots
on the substrate are aligned with the bright spots on the island. (c) STS spectra
measured on the island and on the substrate (measurement set-point: current
It = 1 nA, bias Vb = 1V ).

After every nickel deposition we measured the Auger spectra, and the
magnitude of the oxygen signal was found unaffected by the presence of the
nickel film, indicating that the oxygen is always floating at the top of the
growing film. In the coverage investigated the LEED pattern (not shown)
was always (1× 1), confirming that Ni has a bcc structure.

In Fig. 2.10 are shown the STS spectra acquired on the Fe(001)-p(1×1)O
substrate and on top of the nickel islands. The STS curves on the substrate
have the characteristic feature of the Fe(001)-p(1×1)O, located about 0.8 eV
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Figure 2.11: (a) Atomic resolved STM image of the surface resulting from the
deposition of 5 ML of Ni on Fe(001)-p(1× 1)O (b) zoom in which it is marked the
unit cell of the

√
5x
√

5R27. (c) Atomistic model of the surface.

above the EF . The electronic structure of the nickel islands is quite different
and there is a peak located 0.2 eV below the EF . This peak is present since
the first stages of nickel growth and we did not observe any difference between
the spectra measured at different coverages.

We have also investigated the effect of the thermal treatments after nickel
deposition. Thermal treatments do not change the island structure up to a
temperature of 600 K. On the other hand, the morphology resulting after
a post annealing at 600 K shows dramatic changes. Fig. 2.12 displays the
topography obtained after the post annealing of a sample with a nickel cover-
age of 0,6 ML. The area of the islands increases by a factor 3 and the height
becomes equivalent to a single layer of iron (143 pm). A closer look at the
surface reveals small-scale features on both the substrate and island levels as
shown in Fig. 2.12(b). These bright spots have an apparent height of 40 pm.
Furthermore the STS spectra measured both on the substrate and on the is-
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lands have the characteristic spectroscopic features of the Fe(001)-p(1×1)O.

Figure 2.12: Morphology of the post annealed sample at 600 K for a coverage of
0.6 ML: (a) the island size increases by a factor 3. (b) The small bright features
on the substrate and on the islands indicate a formation of a surface alloy.

The oxygen surfactant properties have been extensively studied in the
past, both in heteroepitaxy and homoepitaxy. We recently studied the
atomistic mechanisms involved in the oxygen-assisted growth of iron and
chromium on the Fe(001), where the presence of a compact layer of chemisorbed
oxygen has been demonstrated to change the growth from a three-dimensional
to a two-dimensional mode [67, 68]. In these cases the effectiveness of the
oxygen surfactant action has been related to an oxygen induced change in
the the growth kinetics, in particular to a lowering of the interlayer mass
transport barrier ( see chapter 1).

In the case of the oxygen assisted growth of nickel on Fe(001) surface
the situation is completely reversed. Pseudomorphic bcc nickel grows on the
oxygen free Fe(001) in a layer by layer mode up to 6 layers [69]. Our STM
measurement performed on the nickel films grown on oxygen free Fe(001)
confirm these results, and in particular show that the islands in the submono-
layer are all 1 ML high. On the other hand, when the nickel is grown on the
oxygen passivated Fe(001)-p(1 × 1)O, the structure is still bcc, as indicated
by the (1×1) LEED pattern, but the film does not wet the Fe(001)-p(1×1)O
substrate and the oxygen promotes the islanding.

The formation of islands of bilayer height in metal-on-metal heteroepi-
taxy has been reported in very few cases (see for example [98, 99]). The
interpretation of this nonconventional growth mode has been given in terms
of: (i) strain relaxation or (ii) electronic effects. In the first case there is a
critical thickness below which the islands are thermodynamically forbidden
due to the insufficient stress relaxation upon clustering. In the second case
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there is an height selection associated with electron confinement as a factor
in structural and morphological stabilization of ultrathin films [100].

We suggest that in our case the stress related effects can play a major role.
Oxygen induced compressive stress on metal surfaces are well documented
in many systems. In the case of Ni(001), the adsorption of 1/4 and 1/2
monolayer of oxygen [corresponding to p(2× 2) and c(2× 2) reconstruction]
turns the intrinsic tensile stress of the clean surface in a compressive one,
inducing an upward relaxation of the topmost layers. Furthermore in our
case the oxygen coverage is one monolayer, so it is reasonable that this effect
is enhanced and that the nickel layers are considerably relaxed with respect
to the oxygen free case.

The experimental data presented support this interpretation. First of all
the fact that since the early stages of nucleation all the islands are 2 ML
plateau-like rules out the possibility that the observed 3D growth is due to
a combination of random deposition and kinetic limitations. Furthermore
the nucleation of the topmost layer at the edges of the islands belonging to
the previous layer indicate the tendency to form as high as possible steps, in
order to efficiently relief the accumulated strain. Another feature support-
ing this interpretation is the nature of the holes giving the (

√
5 ×
√

5)R27◦

superstructure. In the tunneling conditions used, the bright spots on the
Fe(001)-p(1 × 1)O correspond to the oxygen atoms [74], thus if we consider
the packing of the bcc structure, we can infer that the bright spots on top
of the islands correspond to nickel atoms. The holes are therefore located
into the equivalent lattice site of the nickel atoms and could be associated
to nickel vacancies. Ordered metal vacancies have already been observed in
other oxygen-on-metal systems (see for instance [66, 101]), and their presence
has been interpreted in terms of compressive strain relief [in the case strained
C(4 × 2) phase formed by cobalt oxide on Pd(100)] or due to electronic ef-
fects [in the case of chemisorbed oxygen on Cr(001) surface [66]]. In our case
the strain induced vacancy formation is the most likely one. In this frame,
the metal vacancies contribute to relieve the compressive stress due to the
presence of oxygen.

Now we discuss the electronic structure of the sample. The observed
spectroscopic features suggest that when the film is grown at 400 K there is
no surface alloy formation between nickel and iron, and the Fe(001)-p(1×1)O
substrate is not influenced by the nickel islands. The peak located 0.2 eV
below EF level observed in the STS curves taken on the top of the growing
island and on the complete nickel film could be related to the metastable bcc
phase of nickel. A bcc surface state near the Fermi level can be observed also
in the tunneling spectra of Fe(001) and Cr(001) surfaces and band-structure
calculations have shown that this state is a general characteristic of (001)
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surfaces [35], so we speculate that the origin of this peak is the same also in
this case.

The last topic that has to be discussed is the stability of the nickel island
depending on the post annealing temperature. The islands are unchanged up
to a temperature of 600 K, indicating that the bi-layer structure is the most
stable one. On the other hand, the structure observed after annealing at 600
K can be related to a strong interdiffusion of the nickel film into the iron
bulk, as reported for the Ni films grown on the oxygen-free Fe(001) surface.

In summary, in this section we have investigated by means of scanning
tunneling microscopy and spectroscopy the morphology and the electronic
structure of ultrathin Ni films grown on Fe(001)-p(1× 1)O.

In the range of coverage investigated (up to 5 ML) ,Ni grows pseudo-
morphic with bcc structure. The oxygen floats on top of the growing film
and induces, since the first stages of growth, the formation of two monolayer
thick islands.

For higher coverages a (
√

5 ×
√

5)R27◦ superstructure it is stabilized,
due to the presence of Ni vacancies. STS spectra show that the electronic
structure of the Ni film is dominated by a state located 200 meV below the
EF , likely related to the bcc phase of Ni.

The islanding and the presence of Ni vacancies are explained in terms of
the oxygen induced compressive stress. In this respect oxygen is expected to
induce a strong relaxation in the Ni films.

Due to the fact that the magnetic properties of thin films strongly de-
pend on the interlayer spacing we we suggest that the observed structure of
nickel film could be related to different magnetic properties with respect to
the bcc nickel films stabilized on the oxygen free Fe(001) surface. Further
experiments along this line are needed to confirm this interpretation.
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Chapter 3

Cobalt oxide nanostructures:
thin films and nanowires

3.1 Introduction

Low-dimensional oxide nanostructures supported on well-defined metal sur-
faces have been the subject of intensive study because of their relevance both
in fundamental physics and in technological applications [75, 76].

In technological applications they are employed as support surfaces in the
field of heterogeneous catalysis [77], in the field of digital data storage and
spintronics [78], as dielectrics in gas sensors, to name just a few.

At a more fundamental level, there are a number of scientific challenges
associated with oxide nanostructure. These include understanding the nature
of oxide surface structures, surface electronic properties and the magnetic
properties of oxide surfaces [79].

The low co-ordination number, the reduced symmetry, the strain induced
by mismatched substrates, the possibility to stabilize metastable states, and
the presence of interface or surface states can profoundly alter the electronic
and magnetic properties of thin films or surfaces with respect to the bulk,
giving the possibility to create new classes of hybrid systems with tunable
physical and chemical properties.

Among the experimental STM studies related to thin films of AFM tran-
sition metal oxides that can be found in the literature [86, 87, 88, 89], only a
few deal with AFM films in contact with FM materials [90, 91]. Among the
AFM materials, late 3d transition metal (TM) monoxides (MnO, FeO, CoO,
NiO) are particularly important thanks to their appealing properties such
as the relatively high Nel temperature, the chemical and mechanical stabil-
ity, the low lattice mismatch with respect to the corresponding FM metals
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and their alloys, and the large electronic gap. The use of AFM transition
metal oxides in such systems ensures that indirect exchange interactions due
to conduction electrons do not play any significant role in determining their
magnetic properties. The latter must then be determined only by direct
exchange among nearest neighbors in the AFM film and at the FM/AFM
interfaces. On the other hand, many experimental investigations have clearly
shown that the magnetic behavior of FM/AFM systems depends on the in-
terplay among a large number of physical phenomena, including chemical
interactions [82], low dimensionality [83], strain [84], and morphology [85].

In section 3.2 the nanometer scale morphology of CoO thin films cou-
pled to Fe(001) substrates and the surface topography of subsequently grown
Fe/CoO/Fe(001) layered structures are investigated. We observe that, since
the early stages of interface formation, the room temperature growth of CoO
proceeds in the VolmerWeber mode (three-dimensional islands). After about
5 nominal CoO atomic layers, the substrate is completely covered by CoO
and the growth subsequently proceeds in the layer-plus-island mode. The re-
sulting surface morphology is preserved by the upper Fe layer, for thicknesses
up to a few nanometers. Furthermore, we discuss the role of the chemical
interactions acting at the CoO/Fe interface, in particular observing a clear
correspondence between the presence of the CoO islands and the development
of iron oxides layers that preferentially form below such islands. Finally, we
comment on the possible relationships between morphologic and magnetic
properties in our Fe/CoO/Fe layered structures.

In section 3.3 preliminary results about self assembled CoO nanowires on
stepped Pd(1 1 19) vicinal surfaces are presented. Quasi one dimensional
structures of cobalt oxide can be obtained by means of step decoration of
the Pd(1 1 19) surface. This procedure leads to a periodic kinked structure
of the steps, with a periodicity corresponding to 9 atomic lattice constant of
Pd. The electronic structure of the surface is dominated by a surface state
located 200 meV below the EF . This state is present both on the Pd(001)
terraces and in the cobalt oxide nanowire, with a remarkable difference in
the intensity.

3.2 CoO/Fe(001) and Fe/CoO/Fe(001) lay-

ered structures

A recent investigation by means of Low-Energy Electron Diffraction (LEED)
and X-ray Photoemission Spectroscopy (XPS) [92] showed the possibility of
growing good quality thin epitaxial CoO films on Fe(001) substrates through
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reactive deposition of Co in oxygen atmosphere.
In such a work, in particular, it is shown that room temperature growth

of CoO on top of Fe has to be preferred with respect to high temperature
growth (usually employed when growing on top of, e.g., noble metals), due
to the high chemical reactivity of the CoO/Fe interface. For this reason,
we have decided to perform our STM investigation only on samples grown
by room temperature MBE. On the other hand, our XPS analysis clearly
indicated the formation of various Fe oxides at the CoO/Fe interfaces, in
line with other results on similar metal/oxide interfaces [82]. The presence
of such oxides at the interface does influence the STM measurements of the
CoO thin films, in particular in terms of tunneling mechanisms, as discussed
later.

We first consider the Fe(001)-p(1 × 1)O surface on top of the substrate.
As seen by STM, such a surface is characterized by wide terraces, that ex-
tend many hundreds of nanometers in the [010] direction and many tens of
nanometers in the [100] direction. This difference between the two crystallo-
graphic directions is most likely due to asymmetries induced by the surface
preparation procedure. The surface step heights are typically about 1 nm
thick, while monoatomic steps are practically absent. A 250× 250 nm2 STM
image of the Fe(001)-p(1 × 1)O surface is reported in Fig. 3.1a), where the
features mentioned above are clearly visible.

Panel (b) of Fig. 3.1 reports, on the same scale as Fig. 3.1(a), the mor-
phology of the sample surface after the growth of an amount of CoO equal
to a nominal thickness of 2 monolayers (ML) on top of it (1 ML CoO=0.213
nm). It is clearly seen that the stepsterraces characteristics of the Fe(001)-
p(1 × 1)O surface are preserved after CoO deposition. We have actually
observed this same behavior for all the CoO thicknesses explored, up to 7
ML. For larger thicknesses, the insulating character of the oxide did not
allow to perform STM imaging. The observed morphology is strongly dif-
ferent from that reported for CoO ultra-thin films grown on noble metals,
such as Ag [86]. In the latter case, it has been shown that the stepsterraces
structure of the underlying substrate is clearly modified upon CoO deposi-
tion. In particular, vacancy islands form on the Ag(100) surface, and the
removed Ag atoms form new protruding islands on the surface. Further-
more, the formation of Co oxide precursors has been reported in such cases.
Previous XPS analysis suggested that this is not the case for the CoO/Fe
interface, where the extra amount of oxygen leads to the formation of vari-
ous Fe oxides, whose quantity depends on the growth temperature [92]. At
the first stages of growth, namely below a nominal thickness of about 5 ML,
the CoO layer is characterized by three-dimensional islands like those shown
in Fig. 3.1b). Such islands are better seen in the 3030 nm2 image reported
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Figure 3.1: Room temperature 250 × 250 nm2 STM images of: (a) the Fe(001)-
p(1× 1)O surface (I=1 nA, V =1 V), and (b) the surface after the deposition of 2
ML CoO (I=1 nA, V =1 V).

in Fig. 3.2a). The latter refers again to a CoO film of nominal thickness 2
ML, grown on the Fe(001)-p(1× 1)O substrate. The maximum height of the
islands, as measured by STM, is about 0.6 nm, which roughly corresponds
to 3 nominal CoO ML, as it can be seen in the horizontal profile traced in
Fig. 3.2(b). When increasing the nominal CoO thickness from 1 ML to less
than 5 ML, the growth proceeds by an expansion of the lateral size of the
islands. The relative number of islands, whose measured heights typically
correspond to 2 or 3 nominal ML increases, as well. At this stage, the first
full layer has not yet been completed. Such a conclusion can be drawn by
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measuring the volume of the protruding islands after having set to zero the
minimum height measured in the images. Such a volume corresponds in fact
quite well with the expected amount of deposited CoO, as estimated from a
calibrated thickness monitor (quartz microbalance). On the other hand, it is
worth remarking that the topography, as measured by STM, can be strongly
influenced by the surface electronic properties. It is therefore mandatory to
be careful when comparing the nominal coverage, as estimated by the quartz
microbalance, and the measured corrugation, as observed by STM.

The layer-plus-island growth begins at about 5 nominal ML. After such
a threshold, in fact, the measured volume of the protruding islands is less
than the total amount of oxide deposited. Only a fraction of the CoO layer
is therefore represented by the observed islands. In particular, the measured
height of the islands correspond typically to 2 or 3 nominal ML, and does
not change even when increasing the CoO thickness, up to 7 ML.

This situation is represented by the 30 × 30 nm2 image reported in
Fig. 3.2(c), and by the relative horizontal profile traced in Fig. 3.2(d). Such
an image refers to a CoO film of nominal thickness 5 ML. We underline
that this finding is in good agreement with the results of previous LEED
investigation, where it was reported that a diffraction pattern could only be
observed for CoO films thicker than about 5 ML [92].

Our conclusions concerning the CoO growth sequence discussed above
can be supported by a statistical analysis of some relevant parameters, as
measured on the whole set of recorded STM images. In Fig. 3.3a) we report,
as a function of the nominal CoO coverage, the evolution of the mean height
of the three-dimensional islands, as measured in the STM images. It can
be seen that such a parameter, after increasing in the first few steps of the
CoO film growth, becomes roughly constant (with a value of about 0.4 nm,
equivalent to about 2 nominal ML) up to 7 ML. This finding is well consis-
tent with a layer plus- island growth regime. Fig. 3.3b) we report, again as
a function of the nominal CoO coverage, the surface roughness of our sam-
ples, as measured by STM. The evolution of such a parameter is again well
consistent with the transition from a pure three-dimensional morphology to
a smoother layer-plus-island configuration.

A feature that deserves to be discussed, concerning the STM images of
CoO ultra-thin films, is the rather poor lateral resolution. Such a feature
was common to all the CoO thin films investigated, and did not depend on
the measuring tip conditions, as several W tips have been employed with
analogous results. It is worth emphasizing that all of our STM measure-
ments have been performed at relatively low biases, i.e. equal to or below
1 V. Such a choice is due to the difficulty of realizing stable measurements
sessions at higher biases. In the applied voltage range, different values of the
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Figure 3.2: Panels (a) and (c) report 30 × 30 nm2 STM images of 2 ML CoO
on Fe(001) (I=1 nA, V =1 V) and 5 ML CoO on Fe(001) (I=0.5 nA, V =0.3 V),
respectively. Panels (b) and (d) show the corrugation profiles along the dashed
horizontal lines drawn on the images of panels (a) and (c), respectively.

bias, or even a change of sign, did not result in significantly different contrast
in the STM images. It is known, when dealing with STM imaging of insulat-
ing materials, that the limited sample conductivity can be responsible of an
intrinsic limitation on spatial resolution. The tunneling electron current I
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Figure 3.3: Panel (a) reports the mean height of the observed three-dimensional
islands, as a function of CoO coverage. Panel (b) reports the surface roughness,
as a function of CoO coverage.

flowing between tip and sample is typically obtained by integrating the tun-
neling probability, expressed as the combination of the available local density
of states of the tip ρt and of the sample ρs , weighted by the transmission
function of the vacuum barrier T , over the energy range determined by the
sample bias V (here the EF corresponds to V=0):∫

ρs(E)ρt(E − eV )T (z, E, V )dE; (3.1)

where the function T depends on both the tip-sample distance z, the
applied sample bias V and the average work function of the electrodes. Re-
ferring to such a description of the tunneling current, it should be required
that either occupied or empty states of the sample are available for tunneling
to or from the oxide and stabilize a tunneling current. For this reason, a large
band gap around the EF would hinder the tunnel process at low bias volt-
ages. On the other hand, other mechanisms for tunneling can come into play
and permit STM experiments at low biases, even on thick oxide films. Such
mechanisms include, for instance, the increase of the oxide conductivity by
the application of elevated temperatures or by doping, and the tunneling to a
metal substrate through the oxide films [94]. In our case, the use of elevated
temperatures, even though it has already demonstrated to be a successful
approach in STM measurements of transition metal oxides such as CoO and
NiO [93], does not represent a good choice, because of the very high chem-
ical reactivity reported for CoO/Fe interfaces when increasing the sample
temperature [92]. The mechanism of tunneling across the oxide films toward
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the metal substrate seems actually more likely to be responsible for the tun-
neling current in our low-bias STM experiments on CoO thin films. Such a
mechanism is based on the possible overlapping of the tip electronic states
with the wave functions of the metal substrate, which must have sufficiently
penetrated the oxide layer. For this reason, this mechanism is intrinsically
limited to ultra-thin insulating films roughly less than a few nm thick. An
estimate of the expected lateral resolution due to the low conductivity of the
sample may be obtained by considering the extent of the space charge region
that is formed below the tip. In fact, it is typically assumed that all of the
voltage applied between sample and tip drops within the vacuum gap. In
the case of low conductivity materials, on the contrary, it can be expected
that the tip-sample bias can drop through such a space charge region, which
extends across the sample surface [95]. Reasonably, the spatial extent of such
a region, for very thin oxide films, must be of the order of the oxide thickness.
As the tunneling actually occurs across the space charge region, the lateral
resolution would be of the same order of its extent.

In a previous XPS investigation [92], it was evaluated that, at the very
first stages of CoO growth, for a nominal thickness of about 1 ML, some iron
oxides formed at the CoO/Fe interface, whose thickness was as high as twice
the thickness of cobalt oxide. In that case, this corresponded to about 0.4
nm of iron oxides, to be added to the 0.2 nm height of the CoO layer, for
a total oxide thickness of 0.6 nm. Such a value is in fairly good agreement
with the experimental resolution of our STM images for such a low CoO
coverage. Obviously we did not consider, in this analysis, other possible
reasons for low lateral resolution in STM experiments, in particular the tip
apex curvature. In the first place, we emphasize that the measurements
have been repeatedly obtained with different W tips, and the images were
characterized by a very similar spatial resolution. Secondly, we underline that
we routinely obtained atomic resolution on several surfaces, including the
oxidized Fe(001)-p(1×1)O, with the same W tips, in analogous experimental
conditions.

The above mentioned estimate for the total oxide thickness, being based
on XPS measurements, could not give information on the spatial distribution
of the oxide layer at the CoO/Fe interface.

We have investigated such an issue by taking STS data on different posi-
tions of the STM images, corresponding to either Fe substrate or CoO islands,
for the case of very low coverages (about 0.5 ML) where such islands are more
clearly distinguishable. Fig. 3.4(a) reports a 19×10 nm2 STM image of such
a surface, where different positions are labeled with capital letters. Position
A refers to the Fe substrate, position B to an island of 1 ML height, posi-
tion C to an island of 3 ML height (the latter kind of islands were only a
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small fraction of the whole surface). Differential conductivity spectra have
been collected at such positions, and are shown in Fig. 3.4 (b). Such curves
have been rescaled and vertically translated for comparison purposes. It is
clearly observed that the shape of the dI/dV spectra dramatically changes
as a function of the measurement position. In particular, the curve taken
at position A strongly resembles the known shape of the STS spectra of the
Fe(001)-p(1 × 1)O surface, being characterized by two peaks located about
0.5 eV below and 0.9 eV above the EF , respectively, as shown in Ref. [31].
On the other hand, the spectra taken at positions B and C are characterized
by the absence of peaks in a wide range around the EF . These spectra thus
probably refer to an insulator, as expected for CoO, whose optical gap is
about 2.3 eV [86].

Figure 3.4: Panel (a) reports a 19×10 nm2 STM images of 0.5 ML CoO on Fe(001)-
p(1 × 1)O (I=1 nA, V =1 V). The capital letters refer to: A the Fe substrate, B
a CoO island of 1ML height, C a CoO island of 3 ML height. Panel (b) reports
dI/dV curves relative to: position A (continuous line), position B (dashed line)
and position C (dotted line).

Such measurements have been repeatedly recorded on several different
positions on the surface, with very similar results. We can thus infer that
the iron oxides forming at the CoO/Fe interface during the first stages of
growth preferentially develop below the CoO islands, i.e. in presence of the
real interface. Our observations suggest that the chemical reactions occur-
ring at the interface are strongly driven by the proximity between Co and
Fe atoms, which very likely promotes the dissociation of molecular oxygen.
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Oxygen in the atomic form is in fact much more mobile and reactive, as
thoroughly discussed in the case of the NiO/Fe interface produced by the
reactive deposition technique, and would thus induce a strong oxidation of
the Fe atoms close to the interface, despite the surface itself had previously
been passivated by oxygen adsorption.

On the other hand, our measurements emphasize the noticeable stability
of the Fe(001)-p(1×1)O surface alone with respect to further oxidations, thus
confirming the good choice of such a surface as a substrate for the realization
of AFM/FM layered systems comprising transition metal oxides.

Once the growth mode of CoO/Fe interfaces has been investigated, we
have realized Fe/CoO/Fe trilayers. Fig. 3.5 (a) reports the surface morphol-
ogy of a trilayer characterized by a 10 ML thick CoO spacer and by a Fe
upper layer about 1.5 nm thick. The 150 × 150 nm2 STM image shows, in
particular, evidence of the original terraces of the underlying substrate. On
a smaller scale, as reported in the 30×30 nm2 STM image of Fig. 3.5(b), one
can observe islands similar to those present on the CoO/Fe interface. Such
islands, as evidenced by the horizontal profile traced in Fig. 3.5(c), have typ-
ical heights of 0.3 0.4 nm (equal to about 23 iron atomic layers), and typical
widths of the order of 10 nm.

One interesting feature of our Fe/CoO/Fe trilayers, which has been previ-
ously pointed out and discussed [96], is the occurrence of very small magnetic
domains on the Fe top layer, with in-plane direction of the magnetization.
Such a phenomenology has been interpreted, also considering several simi-
lar findings reported for the Fe/NiO/Fe case [79], on the basis of the role
that the exchange interaction at the FM/ AFM interfaces plays, with re-
spect to the stabilization of very small domains. The magnetic domains
structure in FM films would usually be determined by the balance between
magneto-crystalline anisotropy and exchange energy, and the typical sizes of
the magnetic domains extend over several micrometers or even more. At vari-
ance with this scenario, in the case of Fe/CoO/Fe and Fe/NiO/Fe systems
such sizes, as observed by spin-polarized low-energy electron microscopy and
photo-electron emission microscopy, were as low as few tens of nanometers.

Micromagnetic models have been invoked and implemented in order to
explain the experimental observations [79]. In particular, the fundamental
role of magnetic defects (uncompensated moments) at the interfaces has been
thoroughly discussed. The results reported in the present thesis offer the
possibility of examining the role that the morphology of the system plays
in determining the micromagnetic structure. In particular, as discussed in
previous publications [97], the significant length scales with respect to the
domain sizes are such that there exists a magnetic roughness due to variations
in the AFM thickness at the AFM/FM interfaces. If the induced magnetic

57



Figure 3.5: Panel (a) reports a 150× 150 nm2 STM images of a 1.5 nm Fe/10 ML
CoO/Fe(001) trilayer (I=1 nA, V =1 V). Panel (b) reports a 30 × 30 nm2 blow-
up of the image shown in panel (a) (I=0.5 nA, V =0.2 V). Panel (c) shows the
corrugation profile along the dashed horizontal line drawn on the image of panel
(b).

defect moments do not cancel with each other on a length scale of the order
of at least the minimum size of the observed domains, the latter can therefore
be stabilized [79]. The present measurements show that the islands observed
on top of our Fe/CoO/Fe structures are in general smaller than the magnetic
domains, whose minimum sizes were reported to be as small as about 30
nm in radius [92]. On the other hand, it is clear that the topography of
our trilayer structure can be the source of the magnetic roughness previously
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mentioned. Future magnetic measurements, such as spin-polarized STM,
could help in disentangling the actual distribution of the magnetic domains
as a function of the spatial position.

In summary, in this section we have investigated the morphology of CoO
ultrathin films grown on Fe(001) and of Fe/CoO/Fe layered structures on
the nanometer scale by means of STM. We observed three dimensional CoO
islands in the first stages of the CoO/Fe interface formation, up to about 5
nominal atomic layers, then turning to layer plus- island growth for higher
thicknesses. By collecting STS on different positions of the CoO/Fe interface
with very low coverage, we concluded that the previously observed chem-
ical interactions at such an interface occur mostly below the CoO islands,
thus emphasizing the role of the CoFe proximity in determining the reaction
mechanisms. The surface morphology of the Fe/CoO/Fe trilayers preserves
both the structure of the developed CoO/Fe interface and that of the under-
lying Fe layer. We have discussed the implications of these observations on
the known magnetic domains structure of the upper Fe layer.

3.3 Cobalt oxide nanowires

In this section are presented some preliminary results about the cobalt oxide
nanowires grown on the P(1 1 19) surface. The Pd(1 1 19) is a surface
vicinal of Pd(001), in which the nominal terrace width is ten atoms and the
steps are running along the [110] direction. Clean Pd(1 1 19) surfaces were
prepared by 1.5 keV Ar+ ion sputtering, followed by annealing to 1000 K
for several minutes, and by heating cycles in O2 atmosphere (2× 10−7 mbar)
at 570 K followed by a final short flash to 1000 K in UHV. Exposing the
clean Pd (1 1 19) surface to an oxygen pressure of 1 × 10−8 mbar at 570
K and subsequent cooling in oxygen atmosphere resulted in a well ordered
chemisorbed p(2× 2)−O layer (see Fig. 3.6).

The Co deposition was made on the p(2×2)-O surface by molecular beam
epitaxy. The best kinetic conditions to obtain uniformly decorated steps were
found to be reactive deposition in 1 × 10−8 mbar oxygen atmosphere with
the sample kept at room temperature and subsequent post annealing at 570
K for 3 minutes. The STM images and spectroscopic curves were acquired
both at room temperature and at low temperature (4 K) by a commercial
available Createc STM.

Figure Fig. 3.7 displays the LEED pattern and the topography of the
vicinal surface decorated with cobalt oxide nanowires. In the LEED pattern
in addition to the p(2× 2)−O spots we find that an additional spot splitting
occurs along the {110} reciprocal space direction . These spots can be related
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Figure 3.6: LEED pattern at 60 eV (left side) and STM topography (right side)
of the Pd(1 1 19)p(2× 2)−O surface.

to a long range periodicity along the steps direction, well visible also in the
STM image shown in Fig. 3.7. A closer inspection of the STM images shows
that this periodicity is given by the presence of kinks protruding from the
steps, as statistically analyzed in Fig. 3.7 (d).

Figure 3.7: Cobalt oxide nanowires: Panels (a) and (c): topographic image of the
decorated steps. The arrows in (c) correspond to the kink positions. Panel (b)
LEED pattern at 60 eV. An additional spot splitting perpendicular to the spot
splitting due to the step distribution is visible. Panel (d) statistical distribution
of the kink-kink separation. The most likely kink-kink distance is 9 atomic Pd
lattice constant.
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In Fig. 3.8 there is a detail of the step decoration, in which the lines
following the step edge are drawn. The decorated steps have an irregular
shape, whereas the steps of the surface before the evaporation are much
more straight. This may indicate that during the decoration process some
Pd atoms belonging to the step are displaced and replaced by cobalt atoms.

Figure 3.8: STM topography of the kink structure.

The basic structure of the decorated steps is presented in the zoom im-
ages in Fig. 3.8 (b) and (c), in which there is a double row of bright spots
running along the step edge and the ”kink” structure. Corresponding to ev-
ery protruding kink the step decoration is composed by three rows of bright
spots. An important issue that has to be discussed in order to establish the
nanowires atomistic structure is the nature of the bright spots forming the
double row decorating the steps. For cobalt oxide nanolayers wetting the
Pd(001) surface two different phases have been reported, namely the (9× 2)
and the (4× 2) [101]. In these two structures the oxygen atoms are imaged
respectively as bright and dark spots, so it is not trivial to establish if in the
case of the quasi one dimensional structure we are imaging the oxygen or the
cobalt atoms.

When the cobalt coverage on Pd(1 1 19) is increased up to 1 equivalent
ML the step structure is completely lost, the surface undergoes step bunching
and is covered by the CoO (9 × 2) phase (see Fig. 3.9). The CoO (9 × 2)
wetting layer has already been observed on the flat Pd(001), when the cobalt
oxide is obtained at low oxygen chemical potential [101]. In this case the
wetting layer of cobalt oxide causes an instability in the morphology of the
vicinal surface, inducing a strong step bunching. The situation is completely
different from the stabilization of the step structure induced by the wetting
layer of manganese oxide grown on the vicinal surfaces of Pd(001) [103].

In Fig. 3.10 the STS spectra taken on the middle of the terrace and on the
top of the cobalt oxide nanowire are shown. An interesting feature is that it is

61



Figure 3.9: STM topography of the surface after the reactive deposition of 1
equivalent monolayer of cobalt in O2 pressure (1× 10−8 mbar).

present a peak located at about -200 meV below the EF in both spectra, but
the intensity on the nanowire is much larger. One possible interpretation
is that the enhanced intensity measured is due to a charge transfer from
the Pd terrace to the oxide nanowire. Charge transfer perpendicular to the
surface between an oxide overlayer and a metallic substrate is a well known
phenomenon that can modify the sample work function [75]. In our case the
charge may flow from the terrace to the decorated step, giving rise to the
observed enhancement of the surface state intensity.

Figure 3.10: STS spectra measured on the Pd(001)-p(2× 2)O (a) and on the step
decorated with cobalt oxide (b) (measurement set-point: current It = 1 nA, bias
Vb = 1 V )
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In Fig. 3.11 are shown the field emission resonances spectra (FERs) taken
across a line crossing the Pd(001)-p(2× 2)O region and the decorated steps.
In the curves measured on the top of the p(2 × 2) region there is a peak
located at 3.6 eV and the first resonance at 6.6 eV, while in the nanowires
region there is a peak at 4.7 eV and the first resonance is at 7.2 eV. As the
FERs start to appear for voltages around the sample work function [102],
this shift toward higher energy may indicate that the decoration increases
the local work function with respect to the Pd(001) terrace.

Figure 3.11: Field emission resonances spectra (FERs) taken across a line crossing
the Pd(001)-p(2× 2)O region and on the top of the decorated steps.

In conclusion, in this section we have shown that quasi one dimensional
structures of cobalt oxide can be obtained by means of step decoration of
the Pd(1 1 19) surface. This procedure leads to a periodic kinked structure
of the steps, with a periodicity corresponding to 9 atomic lattice constant of
Pd. The electronic structure of the surface is dominated by a surface state
located 200 meV below the EF . This state is present both on the Pd(001)
terraces and in the cobalt oxide nanowire, with a remarkable difference in the
intensity. Further experimental and theoretical investigations are needed to
disentangle the atomic structure of the nanowires and the observed intensity
difference observed in the surface state.
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