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Abstract
In this paper we review our recent studies on the structure, morphology and
interface chemistry of different metal systems on simple rock-salt oxides,
providing a basis for the understanding of their properties.

Fe on both MgO and NiO grows in the cubic structure with the
(001)Fe ‖ (001)oxide and [110]Fe ‖ [100]oxide orientation.

The Fe/MgO interface is sharp at the atomic level up to 400 ◦C, thus
showing that MgO can allow the growth of ‘free standing’ Fe films and low-
dimensional structures. Submicrometric Fe dots on MgO have been prepared
by FIB milling and characterized by the magneto-optical Kerr effect. At
the Fe/NiO(001) interface an Fe–Ni body centred tetragonal alloyed phase is
formed on top of a two-dimensional FeO layer situated at the interface. The
FeO layer presents an expansion of the interplanar distance at the interface
and a buckling in the Fe and O atomic positions. The presence of the
structurally distorted FeO phase is predicted by ab initio density functional
theory calculations to increase the spin magnetic moment of Fe atoms by 0.6 μB

compared to the ideally abrupt interface. A reduction of NiO is also induced by
the deposition of (supposedly) inert Au films, which incorporate the metallic
Ni atoms. The reduction takes place at the low-coordination sites at the surface
of the NiO film. The Co/MgO(001) system has also been studied. In all the
investigated cases, given the lower surface free energy of the oxide surfaces
compared to the metal ones, the deposited metals tend to form islands, which
coalesce above a few monolayers.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The control and optimization of the properties of low-dimensional metallic systems on oxides
require an atomic level characterization of their structure, morphology and chemistry. This
aspect is very important for the technological applications, which are gradually moving towards
active elements with dimensions in the nanometre scale, in which the influence of interfaces,
surfaces and defects plays a crucial role.

The fields of application of these materials range from catalysis to magnetoelectronics and
optics [1]. Oxide supported metal particles have been shown to have size dependent catalytic
activity, even for materials which are inert in their bulk phase [2, 3]. In information storage
technology, metal on oxide nanocomposite materials present promising applications [4]. The
strong influence of the quality of their interfaces, in terms of roughness, interdiffusion,
chemical state and geometric structure, on the properties of the materials has been widely
recognized [5–7]. In magnetic tunnel junctions, for example, the tunnelling current between
two ferromagnetic layers through the non-magnetic layer has been shown to be strongly
affected by the presence of magnetic oxides or nonmagnetic metal layers at the interface [8].
Also exchange bias, i.e. the unidirectional anisotropy resulting from interfacial exchange
interaction between FM and AFM materials, still lacks a satisfactory explanation [4, 9], partly
due to the still incomplete picture of the morphology, chemistry and structure of the interfaces
at the atomic scale.

In this paper we review the results obtained on some simple epitaxial systems in this
field. The oxides on which we focus have the rock-salt structure and the chosen metals have
a lattice mismatch with the oxide within a few per cent, allowing a good epitaxial growth in
most of the investigated cases. Complementary ultra-high-vacuum (UHV) spectroscopic and
microscopic techniques, combining integrated and local probes, have been used to obtain a
complete characterization in terms of structure, morphology and chemistry.

2. Oxide substrates

2.1. NiO(001)

NiO is a very interesting antiferromagnetic material with a simple rock-salt structure and a Néel
temperature significantly higher than room temperature. It is widely studied both in the field
of electron correlation in solids [10, 11] and for its appealing application in magnetoelectronic
devices [4, 9].

The NiO(001) surface can be prepared by cleavage in air of a NiO single crystal, followed
by UHV annealing at 400 ◦C for 30 min. In this way a surface free of contaminants within
the x-ray photoelectron spectroscopy (XPS) sensitivity can be obtained. The use of NiO
in the form of films on metal substrates allows us to study the evolution of the properties
with increasing thickness. These systems can be investigated by electron spectroscopies
and scanning tunnelling microscopy without charging problems up to a few nanometres NiO
thickness. NiO films with a very good crystal quality exposing the (001) surface can be
UHV grown on Ag(001) by evaporating Ni in O2 partial pressure (reactive growth) [12, 13].
For NiO thickness below 2 ML a strong dependence of structure and composition on the
oxygen-to-nickel flux ratio has been observed. A low oxygen dosage induces a (2 × 1)

reconstruction in the 1 ML films that evolves to a (1 × 1) phase as the dosage and/or the film
thickness increases [14]. For higher NiO thickness we have shown by XPS and Auger electron
spectroscopy (AES) that the films are stoichiometric [13]. Primary beam diffraction modulated
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Figure 1. Left: (460 × 460) nm2 STM image (V = 3 V, I = 0.5 nA) of 10 ML NiO film (an
expanded (50 × 50) nm2 image is shown in the inset). Right: plot of topographical heights versus
position along the white line in the left panel. Reprinted from [13] with permission from Elsevier.

electron emission (PDMEE), low-energy electron diffraction (LEED) and x-ray absorption
spectroscopy (XAS) all indicate that the films grow in the rock-salt structure with the O on top
configuration [13, 15–17]. The films present an epitaxial strain, due to the 2% lattice mismatch
with Ag, which is released above 10 ML thickness [13, 15, 17]. The interfacial distance with the
Ag substrate has been measured by joint PDMEE [18–20] and XAS investigation and turned
out to be 13% expanded compared to the bulk NiO interplanar distance, as also confirmed
by density functional theory calculations [16]. This expanded interface may have interesting
implications on the electronic properties of the very thin layers, reducing the influence of the
metallic substrate in hybridization and charge screening. The film morphology for a 10 ML film
is shown in figure 1 [13]. The NiO film surface shows islands of irregular shape and average
diameter of 4–7 nm. The root mean square roughness is in the 0.1 nm range. Besides the
features ascribed to the oxide layer, the morphology of the underlying Ag substrate, i.e. large
terraces separated by monatomic or diatomic steps, can also be identified in figure 1. This
indicates that the 10 ML NiO film is a good ‘replica’ of the substrate.

2.2. MgO

MgO is a very stable wide-bandgap material, with application as a support for metal catalysts
and as an efficient protective coating material. Similarly to the case of NiO, the MgO(001)
surface can also be obtained by cleavage in air, followed by UHV annealing at 400 ◦C for
30 min. With this procedure the surface is free of contaminants within the XPS sensitivity.
Given the low lattice mismatch (3.1%) with the Ag(001) surface structure, epitaxial MgO(001)
films can be obtained by growth of Mg in O2 partial pressure on an Ag(001) single crystal. The
film structure has been shown to be rock-salt by PDMEE [18–20], LEED and XAS [21, 22].
These techniques also show that at the Ag(001)/MgO interface the O-on-top configuration is
the most stable. The epitaxial strain is released at 10 ML [21, 22]. A 20% expansion of the
interfacial distance between Ag and MgO has been measured [22, 23]. A similar expanded
value has also been predicted by ab initio calculations [23]. The morphology of ultrathin
epitaxial MgO layers was investigated by scanning tunnelling microscopy (STM) [24]. It
has been shown that at the initial deposition stage Ag atoms are partially removed from the
substrate and form extended monatomic islands, leaving vacancy islands in the substrate. For
submonolayer deposition, MgO condenses in the form of small islands of monatomic height,
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Figure 2. (a) Fraction of Ag substrate covered by Ag islands, and fraction of Ag substrate covered
by MgO layer, as a function of the nominal MgO deposition; for nominal deposition of 0.75 ML or
larger, the separate contributions of single and multiple MgO layers to the coverage are also shown.
(b) STM image of 1 ML MgO nominal deposition (1 V, 0.3 nA). The inset shows a multilayer MgO
island. (c) Current image of the same region of panel (b). (d) Atomically resolved STM image
of the top layer of the pyramid of panel (b) (1 V, 0.3 nA). Reprinted from [24] with permission.
Copyright (2002) by the American Physical Society.

located on the original substrate, on the protruding Ag islands and on the vacancy islands. The
largest Ag(001) fractional coverage by monatomic MgO islands is 70%. A limited amount of
MgO bilayers or trilayers has also been detected at this coverage. At the nominal deposition
of 1 ML the formation of flat, squared and connected MgO domains of about 10 nm in width
with edges along the [110] directions can be detected. The substrate fractional coverage for
1 ML MgO deposition is about 85% and the occurrence of bilayers and multilayers becomes
significant (about 30% and 5% fractional coverage, respectively), resulting in the formation of
three-dimensional pyramidal MgO islands. These results are summarized in figure 2. At the
higher MgO coverages STM imaging becomes more difficult, due to the wide bandgap of the
bulk material.

3. The Fe/NiO system

In this section we present the characterization of the Fe/NiO(001) interface, which represents
a simple epitaxial ferromagnetic/antiferromagnetic system, mainly focussing on the structure
and chemistry of the interface.

3.1. XPS and XPD characterization

By means of an electron beam evaporator we have deposited different amounts of Fe on a
10 ML NiO film, prepared on an Ag(001) single crystal. XPS measurements were performed
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Figure 3. Ni 2p XPS spectra for the 10 ML NiO substrate (bottom curve) and for increasing Fe
deposition. The 2p spectrum of pure Ni metal is shown for comparison (top curve). The spectra are
collected at 10◦ take-off angle. For 8 ML Fe deposition, a spectrum collected at 65◦ take-off angle
is also shown (dotted line). Reprinted from [25] with permission from Elsevier.

to investigate the composition of the Fe film and the chemical processes occurring at the
interface [25, 26]. Figure 3 shows the Ni 2p spectra of the clean NiO film and after increasing
Fe deposition measured at a take-off angle of 10◦ from surface normal. The take-off angle was
integrated over ±10◦, to ensure diffraction effects from the ordered substrate and overlayer to
be smeared out. The Ni 2p spectrum of a pure Ni film is also shown for comparison. The
substrate spectrum exhibits a bulk-like lineshape, indicating that the 10 ML NiO film is a good
mimic of a bulk NiO. The deposition of Fe induces relevant changes in the substrate spectrum,
reflecting the occurrence of significant modifications in the chemical bonding of the outermost
substrate layers. Besides the characteristic NiO lineshape, additional features appear on the
low-binding-energy (BE) side of the 2p1/2 and 2p3/2 peaks. The binding energies of such
additional features correspond to that of 2p1/2 and 2p3/2 peaks in metallic Ni. The additional
features become more and more intense for increasing Fe deposition, clearly indicating the
occurrence of an Fe induced chemical reduction of NiO with the formation of nickel atoms in
a metallic state (Ni0), as already observed in this system [27, 28]. Changing the take-off angle
from near normal to grazing, as shown in figure 3 for the 8 ML Fe case, the Ni0 contribution
to the spectrum significantly increases, indicating that the reduction process is localized in the
outermost region of the substrate layer. The driving force for the NiO reduction process is
expected to be the thermodynamically favourable Fe oxidation with respect to Ni oxidation,
due to the higher oxygen affinity of Fe. Therefore, concurrent with NiO substrate reduction,
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Figure 4. Intensity distribution of the Ni2+ and Ni0 2p, O 1s and Fe 2p as a function of the
polar take-off angle along the [100] substrate azimuth, for 5 ML Fe/NiO. The spectra have been
normalized to the intensity of the [001] peak. Reprinted from [25] with permission from Elsevier.

oxidized states are observed for the metal overlayer. In fact, in the Fe 2p photoemission spectra
recorded at the low deposition stage (not shown here), additional intensity appears on the lower-
BE side of metallic Fe spectra [25]. This contribution can be ascribed to the presence of Fe
atoms in an Fe2+ state on the basis of the lineshape of the difference spectrum [29]. The
extent of the observed interfacial oxidation–reduction reaction can be quantified, considering
the morphology of the system. It has been shown by STM that Fe forms islands of 2–3 nm
lateral dimension for coverages up to 5 ML [26]. This growth mode is expected to greatly
affect a quantification of the reaction simply based on the evaluation of the relative weight of
Ni2+ and Ni0 components of the Ni 2p spectra. In fact, the reduction process only involves the
fraction of the substrate covered by Fe islands. Possible Fe–Ni alloying at the interface should
also be taken into account, as described in the following.

Information on the interface morphology and species distribution have been obtained
by x-ray photoelectron diffraction (XPD) measurements, which allowed us to determine the
chemically resolved local environment of the different atomic species in the growing film
and in the interfacial region. Polar scans with an angular resolution of ±1◦ along the [100]
substrate azimuth on the (001) surface of the NiO film were measured by rotating the sample
in front of the analyser by steps of 2◦. The intensity angular distribution (IAD) of Fe 2p,
O 1s and the chemically resolved Ni2+ and Ni0 components of the Ni 2p spectrum are shown
in figure 4. The O 1s and Ni2+ 2p IADs are very similar, both reflecting the symmetry of
the rock-salt structure of the NiO substrate along the selected [100] azimuth. In contrast, the
metallic Ni signal intensity oscillates in strict agreement with the Fe signal intensity, indicating
a body centred tetragonal (bct) local atomic environment for the interfacial metallic Ni. This
suggests the formation of a bct Ni–Fe alloy at the interface. The possible formation of an M–Ni
(M = Fe, Co) alloy has been mentioned by other authors [28, 30]; however, all of the previous
quantitative models for the interface assumed the reduced Ni atoms to remain confined in the
substrate topmost region without giving details of their structure. The XPD results of figure 4
on the contrary suggest that some degree of Fe–Ni intermixing actually occurs and must be
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included in the interface modelling for a reliable quantification of the oxidation–reduction
process. We assumed this alloy to have an average Ni concentration of 25% (the maximum
Ni concentration for which bulk Fe–Ni alloys are stable in a bcc structure). The strength of
the oscillations in the Fe and Ni0 IAD also gives information on the overlayer growth mode,
which has to be taken into account in the quantification of the reduction process. In order
to explain the discrepancies between the measured and calculated (multiple scattering based
simulations [31]) anisotropy values, three-dimensional island Fe growth has also to be called
into play. For 1 ML deposition the measured XPD anisotropy suggests that the alloy aggregates
in 2.6 ML thick islands covering 50% of the substrate. A complete NiO surface coverage is
only obtained for 5 ML Fe deposition. Based on this model and on the intensity of the Ni2+
and Ni0 components of the Ni 2p XPS spectrum as a function of Fe deposition, we found that
the amount of NiO affected by the reduction process increases with the amount of deposited
Fe, while the reduction rate decreases. The process stops for Fe deposition larger than 5 ML,
when the surface coverage is complete, indicating that the strength of the interfacial reactions
is controlled by the uncovered fraction of the NiO surface. The discrepancy in the number of
reduced NiO layers with respect to results reported by other authors [28] is possibly ascribable
to the simplified model they used, where the alloy formation and the islanding growth mode
were not included. It is noticeable that, in spite of the complex interface, the formation of
an epitaxial and well ordered Fe overlayer is observed. The interfacial intermixed Fe–Ni bcc
phase formed as a consequence of the NiO reduction process, promoted by Fe atom deposition,
is expected to have a significant influence on the magnetic couplings and has to be taken into
account to calculate the magnetic properties of this system. Both the Curie temperature and
the magnetic moment of the ferromagnetic overlayer are expected to become lower as the
interfacial intermixing occurs, due to the decrease of Fe concentration in the Fe film [30, 32].
The presence of Fe–O aggregates in the overlayer may also have relevant consequences on
the magnetic couplings, which are expected to strongly depend on the location of O atoms
within the Fe film. It is difficult, however, to answer to this question by XPD, since other
spectral contributions lie in the kinetic energy region of the low-intensity oxide component.
The separation of metallic and oxidized Fe components is therefore a very challenging task.
The characterization of the Fe local atomic environment was performed by XAS, as reported in
the following.

3.2. XAS characterization

The Fe K-edge XAS characterization was performed at the GILDA beamline of the European
Synchrotron Radiation Facility [33]. We exploited the polarization dependence of the
XAS cross section by changing the relative orientation between the sample normal and the
polarization of the impinging x-ray beam in order to preferentially probe either the in-plane
or out-of-plane atomic correlations. Data analysis was performed by the standard software
package UWXAS [34], using the theoretical scattering amplitudes and phase shifts generated
by the FEFF8.10 code [35] for the fitting. The background subtracted extended x-ray absorption
fine structure (EXAFS) spectra in the two geometries for a 2 ML Fe film grown on NiO(001) are
shown in figure 5(a). Figure 5(b) shows the corresponding magnitude of the Fourier transforms
and the results of structural fits in which the coordination numbers, the interatomic distances
and the Debye–Waller factors were fitting parameters. The inset of figure 5(b) shows the details
of the near-edge region of the XAS spectra in the two experimental geometries. The near-edge
spectrum measured at 75◦, i.e. in a configuration more sensitive to in-plane atomic correlations,
has a higher ratio between the intensity of the white line and the intensity of higher-energy
structures than the 15◦ spectrum and closely resembles the spectrum of bulk FeO (not shown).
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Figure 5. (a) Background subtracted Fe K-edge EXAFS spectra for the 2 ML Fe film in the two
geometries. (b) Corresponding k3 weighted magnitude of the Fourier transforms (solid line) and fit
(dashed line). Inset: Fe K-edge near-edge XAS spectra in the two geometries. Reprinted from [6]
with permission. Copyright (2006) by the American Physical Society.

This is a clear indication of a preferential formation of Fe–O coordinations in the film plane.
The fitting of the extended range spectra was therefore performed assuming the formation of a
planar FeO-like layer. The Fe–O distances resulting from the fit are much larger out of the film
plane (2.38 ± 0.07 Å) than in the film plane (2.07 ± 0.07 Å). It is impossible from the XAS
data alone to determine whether the FeO layer is between the NiO substrate and the Fe layer or
on top of the metallic film; however, in the following we shall consider the former hypothesis
(see model in figure 6), based also on the considerations derived by the ab initio calculations
reported below. Assuming this model, the FeO-like layer exhibits a 0.29 ± 0.14 Å buckling,
with O and Fe atoms respectively shifted towards and away from the underlying NiO substrate.
Moreover, the distance between the last NiO plane and the average position of the FeO plane is
2.24 Å, a value 7% larger than the interplanar distance of bulk NiO. A body-centred-tetragonal
(bct) Fe–Ni phase is present on top of the interfacial FeO layer.

The DFT calculations of the Fe/NiO(100) interface have been performed by means of the
all-electron linearized augmented plane wave (LAPW) method [36, 37] as implemented in its
newest version, e.g. APW + local orbital (APW + lo) [38, 39], in the WIEN2k package [40].
Because of the hybrid nature of the basis set used, the APW + lo method is one of the
most accurate approaches for the study of transition metal compounds. The exchange and
correlation potential is considered in the generalized gradient approximation (GGA) proposed
by Perdew, Burke and Ernzerhof (PBE) [41]. A slab calculation, in which two monolayers of
an Fe0.5Ni0.5 alloy are adsorbed on each side of five-layer-thick NiO slabs in the presence of an
FeO interface layer, indicates that the preferred adsorption site for Fe is on top of the oxygen
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Figure 6. Relaxed interface structure of 2 ML FeNi on NiO, with an FeO interface layer, as
calculated by DFT; the values of the interlayer distances are given in table I in [6] (picture generated
by XCrySDen [105]). Reprinted from [6] with permission. Copyright (2006) by the American
Physical Society.

atoms in the NiO interface layer. The bulk AF2-type antiferromagnetic ordering between the Ni
magnetic moments has been assumed for the NiO + FeO slab. The structurally relaxed atomic
configuration for Fe/NiO(001) is depicted in figure 6. We observe moderate deviations of the
interlayer distances in the NiO layers, which are always close to the bulk interlayer distance
of 2.08 Å. The Fe atoms, in contrast, relax outwards with respect to oxygen atoms in the FeO
interface layer. The average Fe–O out-of-plane distance at the interface is found to be 2.42 Å,
with a buckling between the Fe and O atoms in the FeO interface layer of 0.34 Å. A contraction
to 1.88 Å is found in the distance between Fe atoms in FeO and the lowest FeNi alloy layer.
The overall experimental and theoretical structures compare very well. In particular, there is a
very good numerical agreement in the values found for the buckling of the FeO layer and for
the expanded distance between the FeO layer and the underlying NiO. The differences for some
of the interatomic distances, in particular the one between the FeO-like layer and the overlying
metal, may be due to the fact that XAS sees an average of the distances actually present in the
sample.

The calculations also allowed us to evaluate the spin magnetic moment of the Fe
atoms at the interface. We compared the values obtained assuming the presence of a pure,
pseudomorphic, Fe layer and the formation of an oxidized FeO layer. A significant increase by
approximately 0.6 μB (from 2.6 to 3.2 μB) in the distorted FeO layer was found. The origin
of this change lies in a depopulation of minority spin d orbitals involved in the Fe–O bonds.
The Fe atoms of the interfacial FeO layer assumed in our model are in fact more coordinated
with oxygen atoms than Fe atoms situated in the first layer of the ideal Fe/NiO interface,
therefore a higher spin polarization is achieved. This is in agreement with calculations by
Chubb and Pickett [42], which predict an increase in the Fe surface moments upon adsorption
of oxygen atoms. Uncompensated moments coming from the interfacial FeO layer, which
may couple ferromagnetically with the Fe layer, are expected to influence dramatically the

9



J. Phys.: Condens. Matter 19 (2007) 225002 S Valeri et al

Figure 7. Ni 2p XPS spectra of a bare 10 ML NiO film on
Ag(100) and after 9 and 14 ML Au deposition. The bulk
Ni 2p reference (dashed line) is also shown. The spectra
are measured with a 65◦ take-off angle.

exchange interaction at the Fe/NiO interface, with deep consequences also for the exchange
bias mechanism.

A magnetic characterization of the system by means of the magneto-optical Kerr effect
(MOKE) and other techniques is currently running, to obtain the experimental evaluation of the
predicted magnetic properties.

4. The Au/NiO system

In order to investigate the dependence of NiO interfacial reactions on the oxygen affinity of the
metal deposit, we also studied the Au/NiO interface. Also in this case, in fact, the reduction
of a small fraction of NiO was previously observed, although the reasons for and the details of
this effect have not been discussed exhaustively [27].

We performed XPS measurements on Au films of different thicknesses deposited at room
temperature on a 10 ML NiO film on Ag(100). Figure 7 shows the Ni 2p spectra measured
at 65◦ take-off angle for clean NiO and for increasing Au amount. After Au deposition the
spectra show a shoulder on the low-binding-energy side of the Ni2+ 2p3/2 peak, corresponding
to the formation of metallic Ni. The relative intensity of metallic and oxidized components
increases as a function of Au thickness. The presence of the metallic shoulder in the XPS
spectra is a clear indication that the deposition of non-reactive Au atoms also induces to some
extent the reduction of NiO. From the analysis of Ni0, Ni2+ and Au 4f intensities as a function
of Au amount and take-off angle, the following model emerged [43]: the reduction of NiO
is rather limited (∼0.3 ML) and occurs at the very early stages of Au growth. The metallic
Ni atoms however do not remain confined at the interface between Au and NiO, but they are
diluted into the Au layer. The possibility of having metallic Ni atoms located at the surface
of the Au layer, rather unlikely if one considers the Ni and Au surface free energies (1.94 and
1.41 J m−2 respectively [44]), has been definitely ruled out by the fact that the exposure of
the 9 ML Au/NiO sample to 5 L of O2 did not give rise to any change in the relative weight
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Figure 8. (200 × 200) nm2 constant current topographic STM images of (a) a bare 7 ML NiO film
on Ag(001) (I = 0.02 nA, V = 3 V), (b) 1 ML Au (I = 0.3 nA, V = 2 V) and (c) 9 ML Au
(I = 0.1 nA, V = 0.5 V) deposited on it.

of Ni0 and Ni2+ components in the photoemission spectrum. Au and Ni are immiscible at
room temperature [45]; nevertheless, in ultrathin layers deviations from the bulk behaviour are
frequent and alloying phenomena at the Au/Ni(110) interface have already been observed [46].
This supports our conclusion that the metallic Ni can be diluted into the Au clusters.

We also investigated the influence of the growth rate on the Au induced NiO reduction
by changing its value in the 1–0.15 Å min−1 range. Low evaporation rates have been found to
favour the reduction, suggesting that kinetics plays a role in the process. NiO reduction, instead,
is lower than the XPS sensitivity if Au is evaporated onto a NiO single crystal, suggesting that
the roughness of the NiO film, and the consequent high density of low coordination sites at the
surface, is responsible for the unusual chemical activity at the Au/NiO interface.

In order to investigate the morphology of Au on NiO we performed STM measurements
on a 1 and 9 ML nominal Au deposition on a 7 ML thick NiO film grown on Ag(001). The
instrument has been operated in constant current mode with low current values (∼0.1 nA). The
NiO film presents a surface with small round clusters of 4 nm average width and 0.5 to 2 nm
height (figure 8(a)). After 1 ML of Au deposition we observe the presence of large Au islands
(figure 8(b)). The width of the Au islands is between 8 and 20 nm and their average height is
about 2 nm. In this image the fraction of uncovered NiO (the darker areas in which smaller
clusters are visible) is approximately 20%. It has to be noted that the Au cluster height can be
an artefact induced by the different electronic structures of Au and NiO. After the deposition of
the first layer, Au grows in a 3D mode, as shown in figure 8(c) obtained on a 9 ML Au sample.
The Au clusters have a worm-like shape with lateral dimensions ranging from 15 to 90 nm and
a height of 3–5 nm. The fraction of NiO surface covered by Au clusters is unaltered from 1 to
9 ML of nominal Au deposition.

5. The Fe/MgO system

The interest in the preparation and characterization of Fe layers on MgO has increased in recent
years owing to their technological applications in catalysis [47], electron spin polarimetry [48],
epitaxy [49, 50] and magnetic recording [51–53]. Fe on MgO also represents a model system
to investigate the transition between 2D and 3D growth in thin films [54]. The importance of
the quality of the interfaces for the performances of alternating layers with different magnetic
properties and thickness in the nanometre range has been widely recognized [5, 8, 9]. The
variety of procedures used for MgO substrate preparation and for Fe deposition leads to
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different growth modes, morphologies and crystalline qualities of the Fe layers and of the
Fe/MgO interface [55–59].

The aim of this section is to report on the growth mode, the structure, the interface
chemistry and the stability versus temperature of 1–10 ML Fe films deposited on a cleaved
MgO(001) surface, in the RT–500 ◦C temperature range [60, 61]. The procedures for substrate
preparation and Fe deposition were very similar to the Fe/NiO(001) case. Structural analysis
has been performed by PDMEE [18–20] and LEED. XPS was used to obtain a first indication of
the chemistry and the growth mode of the interface. XAS was used to investigate the chemical
state of Mg and Fe atoms.

5.1. Structure and interface

In a typical PDMEE experiment, the Auger intensity angular distribution (IAD) is recorded as a
function of the beam incidence angle, scanned by tilting the sample around definite directions.
Auger measurements were detected in the first derivative mode by a cylindrical mirror analyser
(CMA) operating at 0.6% resolution and 15 V modulation. The coaxial gun was operated at
1.2 keV and 1 μA beam current.

On the clean MgO(001) surface, the O KLL Auger peak was recorded as a function
of the incidence polar angle along the [100] and [110] azimuthal directions (figure 9, curve
(a)). On the 10 ML Fe/MgO system, the Fe LVV Auger peak was monitored as a function
of the incidence angle, for different deposition temperatures and post-deposition annealing
temperatures (figure 9, curves (b)–(e)). The Fe LVV signal intensity from the (001) surface
of an Fe single crystal prepared by repeated cycles of sputter-annealing was measured, as it
provides a reference curve for the bcc structure (figure 9, curve (f)). The IAD of the O KLL
Auger peak from the clean MgO substrate shows the typical features of a cubic structure. Two
main peaks appear at 0◦ and 54.7◦ along the [110] azimuth, corresponding to the forward
focusing of the primary beam along the [001̄] and [1̄1̄1̄] crystalline directions, respectively.
Along the [100] azimuth, forward focusing peaks occur at 0◦ and 45◦, in correspondence to
the [001̄] and [1̄01̄] crystalline directions, respectively. Other features are mainly generated
by interference between the scattered waves [62]. The Fe LVV IAD from the 10 ML Fe
deposited at RT (figure 9, curve (b)) clearly indicates the formation of a bct layer with a
(001)Fe ‖ (001)MgO and [110]Fe ‖ [100]MgO orientation relationship with the substrate, in
agreement with previous findings [54, 55, 58, 57, 63, 64]. The side of bcc Fe can easily in
fact match the diagonal of the MgO rock-salt structure with a small expansive strain (3.8%
mismatch). The 10 ML Fe film IAD features on both substrate azimuths closely resemble those
detected in the bulk Fe IAD (figure 9(f)). The tetragonal distortion of the film along the growth
axis is suggested by the angular shift of the [1̄01̄] and [1̄1̄1̄] peaks in the IAD (by +1.6◦ and
+1.4◦ respectively) with respect to peaks on the Fe crystal.

The Fe LVV/Mg KLL and O KLL/Mg KLL Auger intensity ratios are shown in figure 10
for 10 ML Fe on MgO, deposited at RT and annealed at increasing temperature. In figure 10(a)
the experimental data (symbols) are compared to the results of a simple exponential attenuation
model in which part of the substrate is left uncovered. The fractional coverage has been
considered as the only independent variable which determines the Auger intensity ratios in
figure 10(a). The Fe LVV/Mg KLL Auger intensity ratio (figure 10(a)) suggests that the
10 ML Fe deposited at RT are organized in a nearly continuous layer (90% fractional coverage,
figure 10(b)). This is also consistent with the observed reduction of the O KLL/Mg KLL
intensity ratio with respect to the clean MgO surface (from 3.5 to 2.3, figure 10(a)). The
formation of a continuous film for 10 ML RT deposition is in agreement with previous
findings [51, 56, 59]. The substrate fractional coverage and the tetragonal distortion of the
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Figure 9. Intensity distribution of O KLL and Fe LVV Auger electrons versus the incidence angle
of the electron beam along the [1 0 0] and [1 1 0] azimuths on the clean (0 0 1) surface of MgO and
Fe single crystals, and on the 10 ML Fe film for different deposition and/or annealing conditions.
From top to bottom: (a) O KLL on the clean MgO substrate; (b) Fe LVV on the RT deposited
Fe film; (c) Fe LVV on the film deposited at RT and annealed at 300 ◦C; (d) Fe LVV on the film
deposited at RT and annealed at 500◦C; (e) Fe LVV on the film deposited at 500 ◦C and (f) Fe LVV
on the Fe single crystal. Reprinted from [60] with permission from Elsevier.

Fe bcc lattice is not substantially affected by annealing the film up to 300 ◦C. A reduction of
the coverage from 90% to 75% is observed at 400 ◦C. At 500 ◦C the O KLL/Mg KLL intensity
ratio reaches the same value as measured on the clean MgO surface. A fractional coverage of
35% is evaluated by the Fe LVV/Mg KLL intensity ratio at 500 ◦C (figure 10(b)).

From the structural point of view, annealing at 500 ◦C completely removes the tetragonal
distortion and forces the RT deposited layer to assume the ideal bcc structure. 10 ML thick Fe
layers deposited on the MgO substrate held at 500 ◦C show the same bcc structure but a larger
fractional coverage (52%) with respect to the 500 ◦C annealed film.

The Fe IAD at 500 ◦C well reproduces the shape and anisotropy of the distribution the IAD
of an Fe single crystal, indicating that the Fe atoms have a local bcc atomic environment. In
addition, the peak splitting typical of Fe in an oxidized state [65] was not observed in the Fe
MVV Auger peak lineshape, as shown in the inset of figure 10.
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Figure 10. (a) Fe LVV/Mg KLL (•) and O KLL/Mg KLL (◦) Auger intensity ratios for 10 ML Fe
on MgO, deposited at RT and annealed at increasing temperatures. The O KLL/Mg KLL ratio for the
clean MgO substrate is also shown. The lines are the result of a calculation of the intensity ratios
based on an exponential intensity attenuation model assuming the fractional coverage as a fitting
parameter. The output of such a modelling is shown in (b), where the fractional coverage of the
MgO substrate for 10 ML Fe deposition at RT and subsequent annealing at increasing temperature
is reported. Auger intensity ratios (�, ) and fractional coverage (�) for the 500 ◦C deposited film
are also shown. The inset shows the Fe MVV Auger lineshape for the RT deposited (——) and
500 ◦C annealed (- - - -) Fe film. Reprinted from [60] with permission from Elsevier.

LEED and secondary electron imaging (SEI) analysis [66, 67] has been performed by a
rear-view, four-grid apparatus. Diffraction patterns were recorded using a cooled, 16-bit CCD
camera. LEED patterns are rather diffuse and present a fourfold symmetry, rotated by 45◦ with
respect to the substrate. As the temperature increased, the LEED pattern became sharper. SEI
plots are the stereographic projection of the intensity of backscattered electrons with respect to
the polar and azimuthal escape angles. The main features in the intensity distribution are related
to the forward focusing of inelastically backscattered electrons escaping along the most closely
packed, crystalline atomic chains [68]. This method therefore probes the real-space crystal
structure of the near-surface region [66, 67]. SEI patterns confirm that the RT deposited Fe film
has a bcc-like structure, with main axes rotated by 45◦ with respect to those of the substrate.
Owing to the chemical insensitivity of the SEI signal, and to the occurrence of Fe islanding at
high temperature, the SEI pattern of the Fe layer deposited at 500 ◦C is expected to reflect the
symmetry of both the Fe film and the uncovered substrate. Assuming the pattern to be roughly a
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linear superposition of the substrate and Fe patterns, it has therefore been reproduced by a linear
combination of these reference patterns, weighted by the different backscattering efficiencies
of Fe and MgO, using the fractional coverage as fitting parameter. A best fit procedure leads to
a fractional coverage of 56%, in good agreement with the 52% value deduced from the Auger
intensity ratios (figure 10).

In spite of the huge number of studies on the Fe/MgO(001) system, the interface properties
are rarely taken into consideration [69]. Concerning interfacial chemical interactions, it should
be considered that the heat of formation of MgO is more negative than that of the most stable
Fe oxide [70], therefore thermodynamics does not predict the occurrence of an oxidation–
reduction reaction at the Fe/MgO interface. However, at the opposite interface, MgO/Fe(001),
Meyerhiem et al observed the formation of an FeO layer [71, 72].

We used XPS and XAS to obtain a first indication of the structure and the chemistry of
the Fe/MgO(001) interface. XPS analysis of Fe films of increasing thickness (1–10 ML) was
performed using Al Kα photons as the exciting source. The measurements were performed
using a non-monochromatized x-ray source and a hemispherical analyser operating at a normal
take-off angle. No evidence for MgO reduction was detected in the Mg 1s spectra. Fe 2p
3 and 1 ML spectra show a slight broadening of the 2p3/2 peak towards higher binding
energies, possibly ascribed to a contribution by oxidized Fe atoms, whose 2p photoelectrons
are expected to have a higher binding energy [29]; broadening can also be due to the correlation
satellites observed in core level photoemission lines when the dimensionality of the systems is
reduced [73]. The XPS measurements therefore are not conclusive concerning the chemistry of
the interface.

In order to have a definite and reliable picture of the Fe/MgO(001) interface, we measured
x-ray absorption spectra on the Mg K edge and Fe L edges of Fe/MgO samples. In this case
we expect remarkable differences in the Fe and Mg XAS lineshapes in samples with different
oxidation states and local environments, as reported in the literature [22, 28]. Fe L-edge and
Mg K-edge XAS measurements were performed at the BEAR beamline [74] of the ELETTRA
synchrotron radiation facility. The geometry used for XAS measurements was with the photon
beam at 45◦ from the sample normal and the electric field in the growth plane. The spectra
were collected in drain current mode without any bias applied to the sample.

Mg K-edge spectra for the MgO clean substrate and after the growth of Fe films of
increasing thickness in the 0.7–10 ML range are very similar (figure 11(a)). However, the
presence of a fraction of reduced MgO at the interface layers may be too small to give marked
changes in the 10 ML MgO spectra. Figure 11(b) shows Fe L-edge XAS measurements of the
Fe films of different thickness, in comparison with a bulk Fe spectrum taken from [28]. The
10, 2 and 1.4 ML films have a bulklike lineshape with the same energy positions and width of
the L3 and L2 peaks. The search for interfaces which are stable in temperature is also a crucial
aspect. Figure 12 reports the spectrum of the as grown 1.4 ML sample, the spectrum obtained
after heating the sample up to 670 K and the one after exposing it to 103 L of O2 (assumed to be
the saturation exposure) at 400 ◦C. The difference between the as-grown spectrum and the one
measured after heating is within the noise level. A clear narrowing and shift to 1.7 eV higher
photon energy of the L3 peak can be detected after high temperature oxygen exposure of the
sample. The L2 edge is broadened and shifted to higher photon energy, in agreement with the
formation of an Fe oxide film after the high-temperature oxygen exposure, as can be seen by
comparison with the spectra from Fe3O4 and Fe2O3 samples (taken from [28]). If a part of the
‘as-grown’ film were oxidized to Fe3O4 or Fe2O3, we would expect a shoulder in the L3 peak at
approximately 1.7 eV higher binding energy. This demonstrates that the Fe/MgO interface, as
predicted theoretically [75], is non-interacting and stable up to temperatures higher than normal
device operation ones.
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Figure 11. (a) Mg K-edge XAS spectra of the clean MgO substrate and after the growth of Fe films
of different thickness. (b) Fe L2,3-edge XAS spectra of Fe films of different thickness and of a bulk
metallic Fe (dashed line, taken from [28]). Reprinted from [61] with permission from Elsevier.

5.2. Magnetic properties at the nanoscale

A significant amount of experimental and theoretical work has been done by the scientific
community over recent years to address different aspects of ordered magnetic micro-
nanostructures, from fabrication to characterization. Many of the interesting phenomena of
such systems come about by imposing a spatial confinement [76–80], which is comparable
in size to some internal length scale of the material used. For instance, the magnetostatic
energy associated with the lateral confinement is known to induce a dependence of the magnet
free energy on the magnetization direction (magnetic anisotropy) in nearly single-domain
elements [76]. The anisotropy of small magnetic elements can be controlled to a large extent by
imposing a suitable shape. This allows the engineering of the so-called ‘shape anisotropy’ [76],
that for a non-uniform magnetization state conventionally includes the ‘true’ shape anisotropy
(i.e. the anisotropy of the magnet in the uniform magnetization state) and a correction term
called ‘configurational anisotropy’ [81–83], which accounts for the energy difference between
the uniform and the actual magnetization state of the magnet. The shape and configurational
anisotropies, together with the intrinsic magnetocrystalline anisotropy (if any) determine the
total anisotropy of the magnet.

To study the interplay between all these contributions in Fe micro and sub-micro magnets,
we fabricated by focused ion beam (FIB) milling a set of arrays of single-crystal Fe elements
on MgO [84, 85]. FIB is a versatile nanofabrication tool based on the interaction of nanosize
beams of energetic Ga ions with solid surfaces [86–88]. With respect to state-of-the-art
lithographic technologies, FIB offers a comparable resolution (a few tens of nanometres)
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Figure 12. Fe L2,3 XAS spectra of a 1.4 ML Fe
film after growth, after heating to 670 K and after
heating to 670 K during exposure to an oxygen
dose of 103 L. The figure also shows the Fe L2,3

XAS spectra of an Fe3O4 and an Fe2O3 sample
(taken from [28]) for comparison. Reprinted
from [61] with permission from Elsevier.

with higher flexibility, enabling one-step maskless etching. Etching occurs by physical ion
sputtering [84, 89, 90], optionally gas assisted to enhanced material removal rates or species
selectivity [91].

Single-crystal, 10 nm thick Fe films have been grown on freshly cleaved MgO(001)
substrates by molecular beam epitaxy (MBE). To avoid oxidation, the Fe film has been capped
with a 10 nm thick MgO layer, deposited by reactive MBE from the elemental precursors. FIB
has been subsequently used to selectively remove portions of the film to produce the different
arrays. The samples were milled to a depth sufficient to completely remove the MgO/Fe bilayer.
Figure 13 shows scanning electron microscopy (SEM) images of portions of the patterned
regions. The interdot distance is large enough to have negligible magnetostatic interaction
between the nanomagnets.

The samples were magnetically characterized using a magneto-optical Kerr micro-
scope/magnetometer (μMOKE) measuring the longitudinal Kerr effect [92]. The easy- and
hard-axis μMOKE loops of the film are shown on the left-hand side of figure 14. No out-of-
plane component of the magnetization has been found, as expected for thick Fe layers. The
coercive field (≈20 Oe) measured in the easy-axis loop is small compared to the hard-axis sat-
uration field (>500 Oe), indicating that the magnetization reversal is determined by nucleation
and expansion of reversed domains, as already observed for thin single-crystal Fe films [93].

Let us now consider the patterned structures. The diagonals of the square elements
are parallel to the film easy axes. At first order, the configurational anisotropy in square
nanomagnets of this size and thickness (both patterns 1 and 2) was found to have an in-
plane fourfold symmetry with easy directions along the square diagonals [82]. The easy
axes for configurational anisotropy being coincident with those of intrinsic magnetocrystalline
anisotropy [81–83], the symmetry of the overall anisotropy of the square nanomagnets should
be the same as in the continuous film. The same symmetry is expected for the circular
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Figure 13. Scanning electron microscopy images of portions of the patterned areas. Pattern 1
is an array (pitch of 2 μm) of square elements of 1 μm side; in pattern 2 the lateral size of the
square elements is reduced to 500 nm; pattern 3 is an array of circular elements of 1 μm diameter.
The white arrows indicate the direction of the magnetocrystalline easy axes of the film. Reprinted
from [84], with permission from Elsevier.

Figure 14. Left-hand side, μMOKE hard- and easy-axis hysteresis loops for the Fe film; right-hand
side, μMOKE loops measured from the patterned areas, applying the external field along the same
directions as for the continuous film. Reprinted from [84], with permission from Elsevier.
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nanomagnets of pattern 3, because the magnetic in-plane configurations are energetically
isotropic (i.e. there is no configurational anisotropy). This is confirmed by the hysteresis loops
shown on the right-hand side of figure 14, which show that the easy and hard magnetization
directions of the film and the structures are coincident. However, the hysteresis loops of the
patterned areas are very different if compared to that of the continuous film in both the shape
and the coercive field. Micromagnetic simulations [94], not shown here, point out that these
differences are determined by the lateral confinement, which hinders domains formation during
the magnetization reversal. As a result, the nucleation of magnetization reversal is retarded, the
coercive field is increased with respect to the continuous film and the magnetization switching
takes place more gradually.

The easy-axis loops show peculiar differences for the different patterns. First, the
nucleation field for magnetization reversal is much higher for the square elements than for
the circular ones. In square elements, the magnetization switches between two reversed
‘leaf’ states [83]. For circular elements of this size, the magnetization is expected to switch
between two reversed S-shaped configurations [95]. The lower stability (higher energy) of
the ‘S’ state with respect to the ‘leaf’ one, confirmed by numerical simulations, explains
the lower nucleation field observed for circular elements. Concerning differences between
square patterns, the hysteresis loop for the 500 nm dots is more sheared and smoother than
that of the 1 μm dots. This suggests that the diagonal becomes a ‘less easy’ direction upon
reducing the lateral size of a square magnet. This is because the configurational anisotropy in
a square magnet is only at first order fourfold symmetric [83]. This is confirmed by numerical
simulations, which show a high-order term with eightfold symmetry [81], which increases as
the lateral size of the element is reduced.

Regular arrays of micrometric circular Fe dots (width 2.5 μm, height 300 nm, dot lattice
spacing 3.0 μm) were also prepared in ultra-high vacuum by atomically controlled evaporation
through a mask previously prepared with e-beam lithography [96] and positioned on a freshly
cleaved MgO(100) single-crystal surface. Also in this case, the arrays of micrometric Fe dots
have been capped with a 10 nm thick MgO layer, to avoid oxidation during the subsequent,
ex situ morphological and magnetic analysis.

The surface morphology and overall shape of the features were studied by in situ high-
resolution SEM and by ex situ atomic force microscopy (AFM) operating in contact mode.
The magnetization reversal of mask-deposited Fe micropatterns was studied by MOKE and
compared to a continuous Fe film. A continuous Fe film exhibits a well defined uniaxial
anisotropy, with an easy axis of magnetization at the reference angle θ = 0◦ corresponding
to one of the major symmetry axes of the pattern and to the [110] crystal axis of the MgO
substrate. On the patterned area the nucleation of the magnetization reversal is anticipated
compared with the continuous film, due to the additional magnetostatic energy contribution
introduced by the lateral confinement. The magnetic anisotropy of the patterns is changed from
uniaxial to biaxial and, thus, it is clearly related to the square lattice symmetry. There are now
two easy magnetization directions at θ = 90◦ and 0◦, while the hard direction is at θ = 45◦.
The slight asymmetry between the two easy directions is reminiscent of the original uniaxial
anisotropy of the continuous film. The close relationship between the anisotropy directions
and the pattern lattice axes provides clear evidence that the new anisotropy originates from the
interdot dipolar coupling interaction.

6. The Co/MgO system

Other systems, like Co/MgO(001), were studied to a much lesser extent. Previous papers on
nanometre-thick cobalt layers grown on the MgO surface by magnetron sputtering [97, 98]
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Figure 15. (a)–(d) The patterns of scattering of 1 keV electrons from a MgO(001) crystal with (a) an
atomically clean surface and (b)–(d) with cobalt films of various thicknesses: (b) 5 Å; (c) 10 Å;
(d) 20 Å. (e)–(h) The results of modelling the experimental patterns in the cluster approximation of
single scattering for an MgO(001) single crystal with (e) a clean surface and with (g) an epitaxial
fcc cobalt film and (h) an epitaxial hcp cobalt film composed of the grains of two types; (f) a linear
superposition of patterns (a), (g), and (h) with the weight coefficients 50, 30, and 20%. Reprinted
from [99] with permission.

showed that their magnetic and optical properties significantly depend both on the thickness of
cobalt layers and on their structure.

We investigated the growth mechanism and the atomic structure of ultrathin cobalt
layers prepared on an MgO(001) single-crystal surface by MBE under ultrahigh-vacuum
conditions [99]. The study was performed using AES, LEED, PDMEE [18–20] and
SEI [66, 67].

Typical SEI two-dimensional (2D) intensity plots are shown in figures 15(a)–(d) for the
MgO(001) cleaved surface and for increasing Co deposition, obtained by a standard LEED
apparatus using a primary electron beam of 1 keV in normal incidence. The plots are
the stereographic projection (linear black-and-white scale) of the intensity of backscattered
electrons with respect to the polar (0◦–360◦) and azimuthal (7◦–46◦) escape angles (the
brightest regions correspond to the intensity maxima). The main features in the intensity
distribution are related to the forward focusing of inelastically backscattered electrons escaping
along the most closely packed, crystalline atomic chains [100]. This method therefore probes
the real-space crystal structure of the near-surface region [66, 67]. The most anisotropic pattern
is observed for an MgO(001) crystal sample with atomically clean surface (figure 15(a)). This
2D plot exhibits a fourfold mirror-rotational symmetry characteristic of the rock-salt crystalline
structure along the (001) direction.

We have also modelled the 2D intensity plot from an MgO(001) single-crystal surface
within the framework of a single-scattering cluster model [68] (figure 15(e)). A comparison of
the patterns in figures 15(a) and (e) shows that all the significant features of the experimental

20



J. Phys.: Condens. Matter 19 (2007) 225002 S Valeri et al

pattern are well reproduced by the model calculation. Therefore, this approach has also been
used for the simulation of patterns of cobalt films deposited onto the substrate surface.

The deposition of cobalt leads to a significant decrease in the intensity anisotropy of 2D
plots and to a redistribution of the intensity between various diffraction maxima. Changes in
the 2D plots are related to (i) a decrease in the MgO substrate contribution to the observed
pattern and (ii) to the gradual formation of a Co film with its own structure(s). The latter
effect is expected to become predominant when the deposited metal thickness exceeds ∼10 Å
(figures 15(c) and (d)). It should be emphasized, however, that the diffraction patterns retain
their fourfold symmetry. This rules out the formation of a hexagonal close packed (hcp)
Co structure with an epitaxial hcp(001) ‖ MgO(001) relationship with the substrate. The
possibility of a different epitaxial relation, namely, hcp(100) ‖ MgO(001), is suggested by
the close values of the c and a lattice parameters for the cobalt and substrate (4.07 and
4.21 Å, respectively), with a difference of only 3.3%. The surface of the film must contain
approximately equal numbers of cobalt grains in which the hcp[001] directions are parallel
to the MgO[100] and MgO[010] axes. A plot calculated for such a system is shown in
figure 15(h), and quite satisfactorily reproduces all the main features of the experimental
distribution measured for a 20 Å thick cobalt layer (figure 15(d)). Cobalt can also assume
a metastable face-centred cubic (fcc) structure. Therefore, it is necessary to consider the
possibility of a cobalt layer growth with the epitaxial relation fcc(001) ‖ MgO(001), which
also gives a diffraction pattern with a fourfold symmetry.

In order to elucidate the actual crystal structure of the cobalt films formed in the initial
stage of deposition, the measured patterns were analysed assuming each pattern to be a
weighted superposition of standard patterns of the substrate and of the possible Co crystal
phases [101]. Best fits are evaluated in terms of the R-factors. Using the patterns 15(a), (g)
and (h) as the standard components and applying the aforementioned approach, we succeeded
in modelling the experimental results with a quite satisfactory accuracy. This is confirmed
by a comparison (figures 15(b) and (f)) of the pattern corresponding to 5 Å cobalt deposition
with the model pattern obtained assuming ∼50% fractional coverage and 60% fcc + 40% hcp
Co crystal structure. This study provides evidence that the Co/MgO(001) system is in fact
characterized by an island growth mechanism and by the formation of fcc cobalt grains in the
early deposition stages. The statistical weight of the substrate and the two crystalline phases
of cobalt varies depending on the deposited layer thickness. The fcc phase dominates below
∼10 Å, while for larger deposition the Co film has predominantly an hcp structure.

7. Conclusions and outlook

We have investigated different metal systems on simple rock-salt oxides, in terms of their
structure, morphology and interface chemistry, providing a basis for the understanding of their
properties.

Fe on both MgO and NiO(001) surfaces grows in the cubic structure with the
(001)Fe ‖ (001)oxide and [110]Fe ‖ [100]oxide orientation.

The Fe/MgO interface is sharp at the atomic level, with a very weak interaction between
Fe and MgO up to 400 ◦C (a temperature higher than the normal operating temperatures of the
devices). ‘Free standing’ Fe films and low-dimensional structures were actually prepared and
investigated. Fe submicrometric dots exhibited very peculiar magnetic properties related to the
reduced dimensionality.

Co films were also grown on MgO. They present the fcc structure at the early stages of
growth and relax to the hcp structure above 10 Å nominal thickness.

At the Fe/NiO(001) interface the oxidation–reduction process involving Fe and NiO results
in the formation of an Fe–Ni bct alloyed phase on top of a two-dimensional FeO layer. This
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layer is characterized by a 7% expansion of the interplanar distance at the interface with NiO
and by a 0.3 Å buckling in the Fe and O atomic positions. The presence of such a structurally
distorted FeO phase is predicted to increase the spin magnetic moment of Fe atoms by 0.6 μB

compared to the ideally abrupt interface.
A reduction of NiO is also induced by the deposition of Au films, which incorporate

the metallic Ni atoms, forming an intermixed layer. The reduction takes place at the low-
coordination sites at the surface of the NiO film, where kinetic processes remove the more
loosely bound oxygen atoms.

In all the investigated systems, given the lower surface free energy of the oxide surfaces
compared to the metal ones, the deposited metals tend to form islands, which coalesce above a
few monolayers.

Our present and near-future activity in the metal-on-oxide field moves along the following
main directions. Top-down techniques such as FIB milling will be continuously improved
to achieve smaller nanostructures with improved resolution. New approaches to obtain low-
dimensional systems will also be developed. A promising one exploits the self-assembling
of metallic particles on spontaneously or artificially patterned substrates. These approaches
are expected to give very high densities of ordered structures and narrow nanoparticle size
distributions on large areas at a relatively low cost. Vicinal surfaces are a typical example of
substrates with periodic steps which can act as nucleation centres for the growth of arrays of
one-dimensional periodic structures (see for example [102]). Significant efforts are currently
dedicated in our laboratory to the preparation of stepped, ‘vicinal’ MgO surfaces. Another very
promising approach of this kind is represented by the use of regular networks of defects, which
can act as nucleation centres for metal cluster formation [103, 104]. The last one seems to be
very suitable to pattern oxides in the form of thin films on appropriate substrates and obtain
ordered arrays of metal-on-oxide clusters. Finally, the possibility of using refractory metals,
such as for example Mo(001), as substrates will allow us to perform heating treatments, which
are expected to improve the quality of the patterned oxide films.
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2001 J. Magn. Magn. Mater. 233 74
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