Reactive metal-oxide interfaces: A microscopic view
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Abstract

Metal-oxide interfaces play a fundamental role in determining the functional properties of artificial layered heterostructures, which are at the
root of present and future technological applications. Magnetic exchange and magnetoelectric coupling, spin filtering, metal passivation, catalytic
activity of oxide-supported nano-particles are just few examples of physical and chemical processes arising at metal-oxide hybrid systems,
readily exploited in working devices. These phenomena are strictly correlated with the chemical and structural characteristics of the metal-oxide
interfacial region, making a thorough understanding of the atomistic mechanisms responsible of its formation a prerequisite in order to tailor the
device properties. The steep compositional gradient established upon formation of metal-oxide heterostructures drives strong chemical
interactions at the interface, making the metal-oxide boundary region a complex system to treat, both from an experimental and a theoretical
point of view. However, once properly mastered, interfacial chemical interactions offer a further degree of freedom for tuning the material
properties. The goal of the present review is to provide a summary of the latest achievements in the understanding of metal/oxide and oxide/metal
layered systems characterized by reactive interfaces. The influence of the interface composition on the structural, electronic and magnetic
properties will be highlighted. Particular emphasis will be devoted to the discussion of ultra-thin epitaxial oxides stabilized on highly oxidizable
metals, which have been rarely exploited as oxide supports as compared to the much more widespread noble and quasi noble metallic substrates.
In this frame, an extensive discussion is devoted to the microscopic characterization of interfaces between epitaxial metal oxides and the Fe(001)
substrate, regarded from the one hand as a prototypical ferromagnetic material and from the other hand as a highly oxidizable metal.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Interface formation between metals and oxides are one of the
most widely investigated topic in physics, chemistry and material
science. The reason for this huge interest is that there is almost no
technological field in which the metal-oxide interaction does not
play a prominent role, including (nano) catalysis [1-3],
microelectronics [4,5], magnetic storage media [6], and protective
coatings against corrosion [7,8].

From a more fundamental point of view, the metal-oxide
interface represents an interesting example of boundary
between two materials possessing markedly different and often
antithetical electronic and structural properties [9]. As a
relevant case, let us mention that a few nanometer-thick
(hydro)oxide skin forms at the surface of almost every metal
exposed to environmental conditions [10]. The characteristics
of this thin surface oxide layer and its interaction with the
underlying metallic support are often key factors in determin-
ing the physical and chemical properties of metal surfaces.

The material science community has also dedicated a
remarkable attention to the investigation, both theoretical and
experimental, of heteroepitaxial metal-oxide systems, where, at
variance from native oxides, the metal element is different from
the cationic species of the oxide phase. Many physical
phenomena arising in artificial metal-oxide heterostructures have
been reported, spanning from magnetic instabilities [11,12],
charge transfer across the metal-oxide interface [13],
magnetoelectric coupling in layered multiferroic structures [14],
and tunneling-induced spin filtering [15,16], just to mention a
few. All these phenomena are intimately connected with the
structural and chemical characteristics of the metal-oxide
interfacial region. In order to control, and to some extent tuning,
the functionalities of these heterostructures, it is of crucial
importance to gain an in-depth understanding of the mechanisms
driving the formation of metal-oxides interfaces, in terms of both
thermodynamical stability and kinetic constraints imposed by the

specific preparation method.

Two different classes of systems can be identified, the metal/oxide
(M/O) and the oxide/metal (O/M) heterophases, sketched in Fig. 1.

These two seemingly symmetric interfaces often possess different
structural and chemical characteristics, mainly because different are
the experimental procedures exploited for their preparation (see
Section 2.1). The O/M interface is grown by depositing ultra-thin (0—

10 nm thick) oxide films on metallic

substrates, exploiting the so-called reactive deposition, in which
metal atoms are deposited in the presence of an oxidizing
atmosphere [17]. On the other hand, the M/O interface can be
obtained by depositing metallic films on well-defined oxide
surfaces [18,19]. In the latter case, in order to alleviate charging
problems related to the use of electron-based microscopic and
spectroscopic techniques, the oxide layer of the M/O structure is
often supported by a metallic substrate. Despite beyond a critical
thickness the surface properties of these metal-supported ultra-thin

oxide films have proven to mimic those of the corresponding bulk
compounds [20,21], for few unit-cell-thick oxide films the

influence of the bottom metallic substrate on the M/O properties
cannot be neglected, so that the system is better described as a M/O/

M layered structure.

Besides the different experimental constraints characterizing
their preparation, the O/M and M/O interfaces bear also intrinsic
differences, since the surface free energy of oxidic compounds
is generally lower with respect to that of metallic elements (see
Section 2.1). For this reason, oxide films tend to wet metallic
substrates, while metals deposited on oxide surfaces are prone to
clustering, or even to being encapsulated by a thin oxide layer.
Such a fundamentally different growth mode observed in the
early stages of formation of M/O and O/M interfaces can

remarkably influence their final morpho-logical and chemical
characteristics.
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Fig. 1. Metal/oxide (M/O) and oxide/metal (O/M) interfaces. The main

phenomena occurring in the early stages of interface formation are displayed.
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In this work, we will provide a survey of the mechanisms
governing the formation of O/M and M/O interfaces in those
cases in which these interfaces cannot be considered chemi-
cally and structurally sharp. Of course every real interface is
characterized by a certain degree of defectiveness and inter-
mixing, so that a perfectly abrupt metal-oxide interface is not
realizable in practice. However, in the present review the focus
will be on those cases where the chemical and structural
inhomogeneities at the metal-oxide interface are the promi-
nent driving forces determining the final heteroepitaxial system
structure and its physico-chemical properties. Such chemical
and structural inhomogeneities are often regarded as an
unwelcome side effects occurring during the preparation of
the heterostructures, because the presence of complex phases
at the M/O (O/M) boundary makes the interpretation of the
experimental data and the theoretical modeling a much more
difficult task than for ideally abrupt interfaces. Nevertheless,
once properly mastered, such “imperfect interfaces” could
represent an opportunity to tune the chemical and physical
properties of the nano-structures under consideration.

Particular emphasis will be devoted to the discussion of
O/M systems in which the metallic substrate possesses a low
electronegativity, i.e. a high oxygen affinity. To this class of
materials belong in particular the magnetic 3d transition metals
such as Fe, Co and Ni, which are largely exploited in
spintronic devices and for magnetic storage applications. Due
to their high reactivity, little is known about the atomic scale
mechanisms driving the formation of epitaxial oxide on these
substrates, as compared to the large body of literature focusing
on the preparation and characterization of ultra-thin oxide films
on inert materials such as noble and quasi noble metals.

The review is organized as follows. In Section 2 the main
physical processes driven by the chemical reactions occurring
at the M/O and O/M interface are introduced. Section 3
describes the growth and characterization of ultra-thin oxides
stabilized on highly oxidizable substrates. Section 4 focuses on
transition metal oxides grown on Fe(001), a topic which has
been thoroughly investigated by the authors. Conclusions and
perspectives are given in Section 5.

2. Physics and chemistry at reactive metal-oxide interfaces
2.1. Interface chemical reactions
The main chemical interaction between a metal and an oxide

upon interface formation is the redox reaction, in which few
atomic planes of the metallic layer in contact with the oxide

surface become oxidized, while the oxide cations reduce their
oxidation state. The process is driven by charge transfer and
migration of cationic and/or anionic species across the metal—
oxide interface.

Starting from a metallic and an oxide layer, the metal
oxidation and the oxide reduction upon interface formation are
described by the reaction M*+MP"O, —»M?*0,+M"0, _,. As
already pointed out by Campbell [18] and Fu et al. [19] for the
M/O interface, the most appropriate parameter to understand
whether a redox reaction can occur upon interface formation is
the oxide standard heat of formation per mole of oxygen
(AH?), which has to be considered for the most stable oxide of
the elements involved in the interface formation. AH? corre-
sponds to the energy gain for the formation of an oxide
compound starting from molecular oxygen and metal atoms,
with all substances in their standard states, at 7=298.15 K and
p=100 kPa. The lower AH?, the higher the energy released
during the formation of the corresponding oxide. Table 1
reports the AH? values for some oxide compounds that will be
discussed in the present review.

Despite the AH? values provide a useful guide to predict if
the reaction is thermodynamically favored and can be expected
to occur when the corresponding interface is formed, addi-
tional considerations should be taken into account. First of all,
even in cases where there is no transfer of oxygen atoms from
the oxide to the metallic lattice, the metal proximity can
influence the stoichiometric composition of the oxide inter-
facial layer, as a result of charge transfer from the metal to the
oxide layer (or vice-versa). This effect should be taken into
account especially for interfaces between oxides and inert
metals, such as noble metals, for which the small AH? absolute
values of the corresponding oxide compounds would suggest a
negligible effect on the oxide composition. Charge transfer is
expected to be more significant on reducible oxides, such as
transition metal or rare earth oxides. On the other hand, for
wide gap insulators such as MgO, CaO, and Al,Os3, character-
ized by a high ionization potential and a low electron affinity,
the effect is limited [24].

A noteworthy phenomenon that might be observed in
association with charge transfer across an O/M interface is
the formation of reduced species in the interfacial oxide region.
This might happen, for instance, when Au, for which AH? is
positive (i.e. the oxidic compound is not stable [18]), is
employed as a substrate for the stabilization of ultra-thin
oxides. As an example we might mention the MoOs/Au
interface, where Mo cations are reduced from a 6+ to a
formal 5+ oxidation state [25]. Another case is represented by



Table 1

Standard enthalpy (heat) of formation AH? per mole of oxygen at T=298.15 K
and p=100 kPa. The more negative AHP, the more energetically favored the
oxide formation. Adapted from [22].

Oxide AH?[KJ/(molO)]
Co304 —222.75
CoO —237.9
NiO 2406 (33
FeO —272
FezO3 —274.7
Fe;0,4 —279.6
MoO, —294.4
WO, —294.8
Cr,05 3799
Cr304 —382.75
MnO —385.2
BaO —548

ALO; —558.57
MgO —601.6
CaO —634.9

TiO, ultra-thin films grown on Au(100), which are character-
ized by the presence of reduced oxide species (Ti’ ™ ions) at the

interface, as deduced from the evolution of the lineshape of the
Ti 2p XPS peaks as a function of the oxide coverage [26]. The
WO; wetting layer covering a Pt(111) substrate is also
characterized by the presence of tungsten atoms with a reduced
(5+) oxidation state [27].

Similarly, for the reverse case of M/O interfaces, De Masi et
al. [28] and Benedetti et al. [29] found that Au deposited on
the NiO(001) surface induces the reduction of a small fraction
of surface Ni atoms from the oxidation state +2 to 0.
Analogous results were obtained for Ag nanoparticles depos-
ited on stoichiometric CeO,(111), where the Ag-induced
reduction of Ce cations from the oxidation state +4 to +3
has been detected [30].

Charge transfer can also promote the stabilization of oxide
layers where the cation is characterized by a higher oxidation
state than the one it typically assumes in stable bulk oxides.
For instance, vanadium oxide thin films possessing a formal
VO; stoichiometry have been grown on Rh(111) [31,32].
Since the maximum oxidation state of vanadium is 5+,
electron transfer from the metallic substrate to the oxide
overlayer has been invoked to explain such a high oxidation
state. Similarly, charge transfer at the O/M interface has been
proposed to explain the formation of highly oxidized Co oxide
islands on Au(111) [33]. More specifically, investigating the
influence of oxygen pressure on the structural and chemical
composition of Au(111)-supported Co oxide islands, Walton et
al. found that CoO islands are mainly stabilized at low oxygen
pressure, with Co cations in a 24 oxidation state. When Co
deposition is performed at higher oxygen pressures, an extra
layer of oxygen atoms is added at the interface with the Au
(111) substrate, resulting in a trilayer O—Co—O structure, with
Co cations in a formal 3+ oxidation state [33].

Beside charge transfer, a second issue to be considered to
understand M/O and O/M interface formation is that these
apparently identical interfaces often do not display the same

chemical composition. As we mentioned in the Introduction,
this stems from the different preparation protocols. Generally,
metal-supported ultra-thin oxide films are grown by reactive
deposition, i.e. by means of MBE performed in an oxidizing
atmosphere, while M/O heterostructures are obtained by direct
metal evaporation onto well-defined oxide substrates in UHV
conditions. The main difference between these two procedures
consists in the different oxygen availability during the growth,
as well as its physical and chemical states (gas in the case of
reactive deposition, bound to cations in the case of metals
deposited on oxide surfaces).

A paradigmatic example of such an asymmetry can be
recognized in the case of NiO/Fe (Fe/NiO) interfaces. The
interfacial structure of ultra-thin Fe films deposited on NiO has
been deeply investigated by means of spectroscopic and
diffraction techniques [34—-39], as well as modeled by ab initio
DFT calculations [37,40]. These studies reveal that, upon Fe
deposition on the NiO(001) surface, an interfacial FeO layer is
formed and NiO is reduced to metallic Ni, with the formation
of an alloyed NiFe layer [37].

On the other hand, the reverse NiO/Fe interface, obtained by
means of reactive deposition of Ni on the Fe(001) surface, is
characterized by the development of a thick Fe;O4 oxide [41-
43], while no metallic Ni is detected at the interface [42]. Upon
annealing, Fe;0,4 reduction to FeO is observed, along with the
reduction of NiO and dissolution of Ni atoms into the Fe(001)
bulk [42,41]. The different chemical compositions of Fe/NiO
and NiO/Fe interfaces can be easily rationalized considering
that, in the reactive deposition of NiO on Fe, the evaporation
of metallic Ni is performed at a rate of about 1 ML/min in an
oxygen background typically of 10~°mbar. In these condi-
tions, the ratio between the flux of oxygen molecules and of
metal atoms impinging on the surface is about 45. The
substrate is thus covered by its native oxide film before a
significant amount of Ni is deposited.

Owing to the similar heat of formation and preparation
procedures, CoO/Fe (Fe/CoO) heterostructures behave simi-
larly to the NiO/Fe (Fe/NiO) systems. While metallic Fe
deposited on the CoO(001) surface reacts forming a thin
FeO layer [44] and a CoFe alloy [45], reactive deposition of
CoO on the Fe(001) surface leads to the formation of thicker
Fe oxides with higher oxidation states [46,47].

An extensive substrate oxidation has been reported also in
the case of the TiO,/Fe(001) interface [48]. Moreover, when
the TiO, growth is performed at 573 K, a thick Fe;0, layer
covers the TiO, film. Conversely, a limited amount of Fe oxide
forms at the Fe/TiO, interface [49]. Upon thermal treatments in
UHYV, Fe forms metal clusters which are almost completely
covered by Ti suboxides [49].

An even richer phenomenology and somehow controversial
results can be found in the case of interfaces formed between
MgO and Fe(001). While most of the experimental works
report on the formation of an atomically sharp Fe/MgO
interface [50-52], in line with the lower heat of formation of
MgO with respect to that of Fe oxides (see Table 1), in some
cases the presence of Fe oxide at the Fe/MgO interface has
been reported [53,54]. Concerning the MgO/Fe interface, high



quality MgO films can be obtained by direct evaporation of
stoichiometric MgO [55,56], a procedure that allows avoiding
the strong Fe oxidation induced by the oxygen atmosphere
employed during reactive deposition [57]. Nevertheless, a sub-
stoichiometric FeO layer has been found to develop at the
MgO/Fe(001) interface [58].

2.2. Interface structure

The structural properties of M/O and O/M interfaces have
been investigated by aiming the focus of the discussion mainly
on three issues: (i) mesoscopic interface morphology, (ii)
thermodynamic properties, described in terms of free energy
surface densities, and (iii) lattice mismatch across the interface.
Here, by “mesoscopic morphology” we mean the M/O (O/M)
structure on a length scale of tens/hundreds of nanometers,
including interface roughness, defect density, island size and
distribution, etc. The mesoscopic morphology is, to a large
extent, influenced by the quality of the substrate and by the
specific preparation methods employed to grow the hetero-
structure. Surface and interface free energies determine instead
the energetic balance of the heteroepitaxial system, driving its
morphological evolution during the early stages of growth.
Finally, lattice mismatch is directly connected with the
microscopic details of the interface formation between materi-
als characterized by different lattice constants. Its role is
prominent at high coverages, since the elastic energy stored
in the system increases linearly with the film thickness. In the
following, for clarity sake, we will artificially try to isolate and
discuss the importance of these phenomena in determining the
final interface characteristics, however one should always keep
in mind that they are intimately interwoven and cannot really
be treated separately.

2.2.1. Mesoscopic morphology

Because of the high stability of oxide materials, metal
deposition barely affects the mesoscopic morphology of their
surfaces, while oxide layers deposited on metallic surfaces
generally induce significant modifications of the substrate
morphology at the nanometer scale. When oxide layers are
stabilized on inert but mechanically soft substrates, such as, for
instance, Au or Ag, a remarkable surface etching is promoted
by the overlayer. A widely investigated system in which such a
process has been observed is the NiO/Ag(001) interface, where
the deposition of NiO induces the displacement of Ag atoms
from the terraces. The resulting complex interface is character-
ized by the presence of vacancy islands on the substrate and
NiO islands embedded in the topmost layers of the Ag(001)
surface [59-65]. Oxide islands embedded in metallic substrates
have been observed also for MgO [66,67] and FeO [68]
nanolayers grown on Ag(001), as well as for FeO [69] and
CoO [70] films deposited on Au(111).

A quasi-unidimensional etching of the substrate charac-
terizes the growth of CoO onto stepped Pd surfaces [71]. Here,
the decoration of step edges by CoO nanowires induces the
ejection of a fraction of Pd atoms from the outer terrace,
resulting in nanowires partially embedded in the upper terrace.

Fig. 2(a) displays a large-scale constant-current STM image of
the Pd(1 1 23) surface covered by an oxygen overlayer [71].
The substrate mesoscopic morphology is characterized by
straight step edges, arranged periodically over the surface.
The oxygen overlayer forms a p(2 x 2) pattern with respect to
the substrate unit cell, as visible from the atomically resolved
STM image shown in the inset of Fig. 2(a). After
reactive deposition of Co, CoO, rows with a pronounced
chemical contrast decorate the step edges. In Fig. 2(c) and
(d) these CoO, quasi-unidimensional nanostructures are
delimited by dashed lines. In addition, rod-like structures
decorating the CoO, nanowires are visible, marked with
arrows in Fig. 2(b) and ellipses in Fig. 2(d). These rods are
arranged periodically along the direction parallel to the step
edges, as evident from the Fast Fourier Transform of the STM
image displayed in the inset of Fig. 2(b). STS data (not shown)
reveal that the rod-like structures are composed by Pd atoms
displaced from the substrate upper terrace [71].

Another important issue to be considered for understanding
the O/M interface morphology is represented by the substrate
roughening induced by the oxygen background employed
during reactive deposition. This phenomenon is particularly
relevant when highly oxidizable metals are used as substrates
(see Section 3), while for metallic substrates with a lower
oxygen affinity the effect is less pronounced. However, a
remarkable exception is provided by the case of NiO films
stabilized on Pd(001) [72]. Despite Pd cannot be bulk-oxidized
under UHV conditions [72], the post-oxidation of ultra-thin Ni
films (thickness below two ML), deposited on the Pd(001)
surface, promotes a considerable degree of substrate oxidation,
preventing the stabilization of long-range ordered NiO over-
layers. The promotion of Pd oxidation was ascribed to a
lowering of the Pd work function induced by the Ni overlayer
[72]. On the other hand, a negligible substrate oxidation and
well ordered epitaxial NiO(100) layers are obtained if Ni
deposition and post-oxidation cycles are performed on an
oxygen pre-saturated Pd surface [72].

The roughening of the substrate can be also associated with
a modification of the step/terrace morphology. When vicinal
surfaces are employed as templates for the stabilization of
unidimensional or quasi unidimensional oxide structures,
oxygen-induced step bunching or faceting often occurs
[73=75]. Step bunching generally has a detrimental effect on
the surface mesoscopic order, since step coalescence destroys
the periodic arrangement of the steps. An interesting case in
which the oxide overlayer stabilizes the step-terrace morphol-
ogy is represented by nanowires [76] and stripes [77] of Mn
oxide grown on Pd(1 1 17), a surface vicinal to Pd(001). After
step decoration by Mn oxide wires, the step edges become
straighter with respect to those of the oxide-free surface. At
higher oxide coverages, a c(4 x 2) phase is stabilized on the
terraces, and the surface is characterized by a sharp terrace-
width distribution, for which the mean step—step separation
increases from 23-24 A, characteristic of the Pd(1 1 17)
surface, to 28—-29 A

The mesoscopic order of the oxide film can be also affected
by chemical reactions occurring at the O/M interface. Pal et al.



Fig. 2. (a) Pd(1 1 23) surface covered by a p(2 x 2) overlayer of oxygen. The inset shows an atomically resolved image, in which the p(2 x 2) unit cell is indicated.
(b—d) Surface morphology after deposition of 0.08 ML of CoO,. Dashed lines and arrows marks the CoO, nanostructures decorating the Pd(1 1 23) substrate. The
ellipses indicate rod-like structures formed by Pd atoms ejected from the outer terrace. The inset of panel (b) displays the fast Fourier transform of the STM image.
The line profile (dotted line) is acquired along the direction parallel to the step edges. Reprinted with permission from Ref. [71]. Copyright (2013) by the American

Chemical Society.

recently demonstrated the possibility of stabilizing well-
ordered MgO ultra-thin films on Ag(001) [78]. After high-
temperature reactive deposition followed by a slow cooling,
MgO terraces are obtained with a width reaching several tens
of nanometers, while different preparation and post-growth
conditions induce the nucleation of irregular monolayer islands
or bi-layer islands [78]. Fig. 3(a)—(c) displays the morphology
of sub-monolayer-thick MgO films stabilized on Ag(001),
prepared by following different growth and post-growth
protocols. The bottom part of each panel displays STM
topographic images acquired at high voltage (V>3 V), i.e.
by tunneling into the MgO conduction band. In the upper part
of the figure, the same surface regions are imaged at low bias
(V=1 V), corresponding to an electron energy within the
MgO band gap. Panel (a) corresponds to a MgO film grown at
moderate temperature (450 K) and rapidly cooled at 200 K.
The constant current image displays relatively small islands,
few nanometers wide, characterized by irregular borders. The
topographic height of the islands [see Fig. 3(e)], measured at

high bias voltage, is about 2 A, corresponding to a thickness of
a single atomic layer. In panel (b) the sample was obtained by
a high-temperature (773 K) growth followed by a quick
cooling to 200 K. The increased growth temperature allows
for the development of slightly larger and regular islands.
However, in this case the islands are two-atomic-layer high, as
testified by the topographic line shown in panel (e). Finally,
the surface in panel (c) is obtained by growing the film at high
temperature and slowly cooling the sample to 250 K. In this
case, large and monolayer-high MgO islands are obtained.
The formation of extended MgO monolayer terraces has
been discussed in terms of interface chemistry and post-
growth kinetics [78,79]. On one hand, the high deposition
temperature promotes the incorporation of oxygen atoms at the
MgO/Ag(001) interface. These possibly expand the substrate
lattice and reduce the stress of the oxide film, improving its
mesoscopic structure. On the other hand, the cooling rate
determines whether the system can reach its low-temperature
equilibrium state or is quenched into the configuration that is
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Fig. 3. (a—c) Top and bottom: STM images (21 x 21 nm?) of 0.7 ML MgO stabilized on the Ag(001) surface at different growth conditions. If the sample cooling
after MgO deposition is fast (FC), the film is characterized by the presence of small islands [panels (a) and (b), respectively], independently of the substrate
temperature during MgO growth. Conversely, when the growth is performed at 773 K and the cooling rate is slow (SC), the film morphology displays extended
atomically flat terraces [panel (c)]. (d) Atomically resolved image of the Ag(001) substrate. (¢) Height profiles corresponding to the lines drawn in the bottom panels
(a)—(c). Reprinted with permission from Ref. [78]. Copyright (2014) by the American Physical Society.

thermodynamically stable at the high temperature at which the
deposition has been performed [78,79].

Interface chemistry is also crucial for the nucleation of FeO
islands on Ru(0001) [80]. At low oxygen pressure, monolayer-
high FeO islands cover the substrate, while bilayer islands of
similar chemical composition nucleate when the growth is
performed at higher background oxygen pressures. The
nucleation process has been suggested to be driven by how
the concentration of oxygen adsorbed on the Ru substrate
changes as this oxygen is incorporated into the oxide film.
More specifically, at low oxygen pressure, the oxygen con-
centration on Ru(0001) is limited and monolayer-high FeO
islands can form. At higher oxygen pressure, monolayer
growth is suppressed, leading to exclusive bilayer island
nucleation, which is needed to remove oxygen atoms from
the substrate [80].

2.2.2. Energetic balance

The energetic balance, driving the early stages of growth of
either M/O or O/M interfaces, is governed by the surface free
energy ¥, defined as the energy per unit area required to create
a surface starting from the bulk material. The modification of
the surface free energy Ay induced by film deposition on a
substrate can be written as Ay = Yqep = Voup T Vine» Where ygep
(yqup) are the surface free energies of the deposit (substrate),
while y;,, is the interface energy per unit area. If Ay <0, the
formation of a wetting layer is energetically favored, while for
Ay >0 islanding is observed. If the interaction between the
oxide and the metal is weak, the generally lower y values of
oxide surfaces with respect to those characteristic of metal
surfaces (see Table 2) steer two-dimensional growth of oxide

Table 2
Surface free energies per unit surface of common oxides and metals. The
values concerning the metal surfaces are extracted from Ref. [81].

Oxide y [/m?]
Co0(001) [82] 0.8
Fe;0, (001) [83] 0.96
MgO (001) [84] 0.94
NiO(001) [85] 1.74
ALO5(0001) [86] 2.03
Cr,05(0001) [87] 3.1
Metal 7 [Jim?]
Ag(100) 12
Au(001) 1.62
Fe(001) 2222
Ni(001) 2426
Co(0001) 2.775
Cr(001) 3.979

films on metallic substrates, whereas islanding is observed in
the case of metals deposited on oxide surfaces.

The chemical reactions occurring at the M/O interface may
change the energetic balance thanks to the lowering of the
interface energy term. A stronger adhesion between the
metallic overlayer and the oxide surface promotes the forma-
tion of a continuous film. An example of chemically induced
switching from three-dimensional to two-dimensional growth
has been observed in the case of the Co/Al,O5(0001) interface
[88]. Co films grown on the bare Al,03(0001) surface form
three-dimensional clusters, while Co deposited on fully-
hydroxylated Al,O3(0001) wets the substrate [88]. The two-
dimensional growth is triggered by the chemical interaction of



Co atoms with adjacent OH groups present on the hydro-
xylated surface, with the formation of Co®>" ions. The
presence of these ions, strongly bound to the substrate, allows
the development of smooth Co films.

Similar results were obtained for the Cu/Al,O; interface,
which has been theoretically investigated by means of first-
principles molecular dynamics simulations [89]. Cu nucleation
on the hydroxylated Al,O3 surface results in the nucleation of
single-layer islands composed by oxidized Cu, while three-
dimensional growth is predicted on the anhydrous surface.

Interface smoothness can be improved also by direct spil-
lover of oxygen from the oxide support, as demonstrated in the
case of Cr films deposited on the SrTiO; surface [90]. A three-
dimensional morphology develops after Cr deposition at room
temperature, while annealing the film at high temperature
induces a flattening of the Cr clusters, driven by Cr oxidation
and by the consequent enhanced adhesion at the M/O interface.

Another mechanism to promote adhesion at the M/O inter-
face can be represented by charge transfer, either from the
metallic substrate on which the oxide is supported or from
foreign atomic species dispersed in the oxide matrix. Gold
deposited onto thin CaO films grown on Mo(001) forms two-
dimensional islands, whereas on thicker CaO films a three-
dimensional growth is observed. The two-dimensional growth
is promoted by charge transfer from the underlying Mo
substrate to the Au/CaO interface [91]. Similar results have
been found in the case of Au clusters deposited on MgO thin
films supported on Mo(001) [92,93].

2.2.3. Lattice matching

The relevant parameter determining the elastic interaction
between the epilayer and the substrate is the lattice mismatch,
defined as f = “0;“5, where a, and ag are the overlayer and
substrate lattice constants, respectively. While the crystal
structure of most metallic elements can be basically classified
into three categories [i.e. the body centered cubic (bcc), face
centered cubic (fcc) and hexagonal close packed (hcp) atomic
arrangements], the oxidic compounds are characterized by a
richer variety of crystal structures. Restricting the discussion to
the cubic oxide crystal structures, the most common ones are
fcc: rocksalt (where both anions and cations form fcc
sublattices), spinel (only anions in fcc sites), and perovskite
(anions and low-oxidation-state cations in fcc sublattices). In
heterostructures composed by such fcc cubic oxides and fcc
metals, the lattice mismatch f for interfaces parallel to the (001)
plane can be obtained by directly comparing the oxide and
metal lattice constants doxige and dmetal, respectively. On the
other hand, for interfaces involving bcc metals, the oxide fcc
sublattice should be rotated by 45° around the [001] direction
in order match the and the bcc lattice, so that the f value should
be estimated by comparing @meta and doxidge/ V2 (see Table 3
for a list of lattice mismatch values for bcc Fe(001) with
respect to the (001) surface of several oxides possessing a
cubic unit cell).

The accumulation of elastic energy can be released by the
growth of three dimensional islands on top of the wetting layer
(Stransky—Krastanov growth) and/or by means of plastic

Table 3

Mismatch f; = Zoween Z9R0) potween bee Fe(001) and common cubic
Fe(001) AFe(001)

oxides. Column daqxige lists the values of the bulk oxide lattice parameter, while
Goxygen indicates the size of the unit cell of the square sublattice formed by
oxygen atoms exposed at the oxide (001) surface. The lattice constant of bcc
Fe is ap. =287 pm.

Oxide Structure Aoxide [PM] Aoxygen [pm] fFe(()()l) (%)
CoO [94] Rocksalt 426.1 301.3 5
Co304 [95] Spinel 808.4 285.8 -0.4

NiO [96] Rocksalt 417.6 295.3 2.9

FeO [97] Rocksalt 417.2 295.0 2.8
Fe3;04 [98] Inverse spinel 839.4 296.8 3.4
MgO [99] Rocksalt 421.0 297.7 3.7
SrTiO3 [100] Perovskite 390.5 276.1 —-3.8

deformations, i.e. by involving the formation of misfit disloca-
tions, found both in M/O [101] and O/M interfaces [102,103].
The dislocations often arrange in an ordered network, devel-
oping at correspondence with the coincidence-site lattice
between the overlayer and the substrate. The coincidence-site
lattice is defined as the superlattice formed by Bravais vectors
that the two primitive ones have in common, with a period
given by a,/|f.

The partial modification of the oxide stoichiometry in
proximity of the interface region plays an important role in
accommodating strain at the metal-oxide interface. For
instance, the presence of reduced species at the O/M interfaces
has been associated with strain release [104]. This circum-
stance can be understood by considering that oxides are
generally stiffer than metals, thereby the presence of reduced
species at the interface can lower the elastic energy stored in
the film. In the case of one-layer-thick oxides supported on
metallic substrates, also cations deficient films have been
observed. Pd(001)-supported transition metal (TM) oxides,
where TM is Ni [105], Mn [106], and Co [107], in the
monolayer limit form a c(4 x 2) phase, with TM30, formal
stoichiometry. The ¢(4 x 2) phase is obtained by removing one
quarter of TM cations from the (001) surface of the stoichio-
metric rocksalt monoxide. The formation of cationic vacancies
partially releases the large lattice mismatch existing between
the Pd(001) substrate and the bulk TMO rocksalt (001)
surface, allowing for the development of ordered oxide wetting
layers [107].

Besides the partial modification of the oxide stoichiometry,
the development of mixed phases has also been observed and
interpreted as an efficient mechanism to release the strain, as in
the case of CaO films grown on Mo [108]. The (001) surface
of the rocksalt CaO is symmetry-matched with the (001)
surface of bcc Mo(001), but the lattice mismatch between the
overlayer and the substrate is substantial (4 8.1%). When CaO
films are grown on Mo(001) at room temperature, the resulting
film is found to be amorphous, while upon annealing the film
crystallizes and long-range order is achieved. It turns out that
the large misfit is accommodated by a change of the stoichio-
metric composition at the interface, thanks to the incorporation
of Mo ions into the CaO lattice (see Fig. 4). The diffusion of



Fig. 4. Proposed model of the reactive CaO/Mo interface, for which the
ternary Ca—Mo—O phase forming at the oxide/metal boundary allows an
efficient strain release. The right panel displays the inward relaxation of O ions
next to a Mo impurity. Reprinted with permission from Ref. [109]. Copyright
(2011) by the American Physical Society.

Mo atoms from the substrate allows the stabilization of a
ternary CazMoQO, oxide phase, which possesses an improved
lattice matching with the Mo(001) substrate [109].

Strictly speaking, the concept of lattice mismatch applies
only when the substrate and the overlayer involved in the
interface formation possess the same two-dimensional sym-
metry. Although this is often the case, many exceptions to
this rule can be found in the literature, in particular for O/M
interfaces. A large number of experimental works report on
the stabilization of oxide films growing with crystallo-
graphic orientations that do not follow the substrate sym-
metry. FeO(111) layers, characterized by an hexagonal
surface symmetry, have been stabilized on square substrates
such as Pt(001) [110] and Ag(001) [111,68]. Under specific
preparation conditions, Co oxide on Ir(001) [112,113] and
Mn oxide on Pd(001) [114] have been found to develop with
the (111) orientation, notwithstanding the square symmetry
of the substrate. The reverse case, i.e. squared oxide over-
layers on hexagonal metallic substrates, has also been
observed as in the case of MgO(001) stabilized on Au
(111) [115]. In these symmetry-mismatched systems, coin-
cidence lattice structures (or moiré patterns) are formed,
characterized by periodic long range modulations of the
oxide overlayer. On the other hand, similar symmetry-
mismatched M/O interfaces have been rarely observed
[91], because metallic deposits tend to form three-
dimensional clusters on oxide surfaces, hampering the
development of long range moiré superstructures.

The interface chemistry can greatly influence the crystal-
lographic orientation of oxide layers stabilized on metallic
substrates, as demonstrated in the case of Co oxide nano-
films grown on the Ir(001) substrate [116]. CoO grows on
the bare Ir(001) surface exposing the (111) surface, but the
crystallographic orientation can be switched to (001) by
introducing a thin Co buffer layer between the oxide and the
substrate. Fig. 5(a) and (b) displays the LEED pattern and the
STM topography of a single-layer defective Co oxide stabilized
onto a wetting layer of Co covering the Ir(001) substrate. Both

the LEED pattern [panel (a)] and the STM image [panel (b)]
show that the Co oxide overlayer forms a c(4 x 2) super-
structure with respect to the substrate lattice, consistent with a
formal stoichiometry of Co304. When the ¢(4 x 2) Co304/Co/Ir
(001) system is further oxidized, CoO(001) islands develop on
the surface [panels (d) and (e)]. In the LEED pattern [panel (c)]
the c¢(4 x 2) spots have disappeared and a moiré pattern with a
periodicity of about (12 x 12) is visible, arising from the
superposition of diffracted electrons from the CoO(001) over-
layer and from the substrate. Panels (f) and (g) display the
fourfold symmetric LEED pattern and the STM image obtained
after further reactive growth of Co. Both measurements are
compatible with the development of a CoO(001) film. Con-
versely, CoO grown on bare Ir(001) exposes the (111) face, as
testified by the LEED pattern and the atomically-resolved STM
images displayed in panels (h) and (i), respectively.

Being the Co layer pseudomorphic to the Ir(001) sub-
strate, f is nominally the same for both the CoO/Ir(001) and
CoO/Co/Ir(001) epitaxial systems, indicating that the driv-
ing force determining the crystal growth orientation resides
in the interface chemistry. In particular, the development of
the c(4 x 2) superstructure, related to the presence of cation
vacancies, has been suggested to be the key for the
stabilization of CoO(001) [116]. A similar effect was
recently observed for iron oxide grown on Pt(001), where
Fe;04(111) films develop on the bare Pt(100) substrate
[117], while the oxide grows exposing the (001) face if a Fe
buffer layer is deposited on the Pt(001) surface before oxide
deposition [117,118].

2.3. Band alignment across the interface

As a result of the markedly different band structure of
insulators and metals, a discontinuity on the electronic energy
scale is established at the metal/insulator heterojunction,
leading to the development of an energetic barrier for the
electrons (or holes) traveling across the interface. The main
effect of such a barrier is to produce an asymmetric bias
dependence of the current flowing across the interface, leading
to the so-called rectifying behavior of the heterojunction.
These issues have been extensively discussed in the field of
metal/semiconductor heterophases [119], but the increasing
interest in all-oxide electronics has boosted a considerable
effort towards the study of metal-oxide electronic coupling. In
this field, besides the research aiming to achieve an improve-
ment of the carrier mobility, a crucial issue is to find the right
metal-oxide combination to obtain ohmic and low-resistance
contacts.

In the original model proposed by Schottky, the p-type
barrier can be written as ¢, = IP—¢,,, where IP and ¢, are
the insulator ionization potential and the metal work function,
respectively. The n-type barrier is given by ¢, = ¢, —x, where
¥ =IP—E; is the insulator electron affinity, defined as the
difference between IP and the energy gap E,. However, this
model needs to be refined to take into account the presence of
interfacial states that can efficiently screen the insulator. The
model should thus include an additional term in the Schottky



Fig. 5. (a and b) LEED pattern and STM topography of the c(4 x 2) superstructure developing on the Co/Ir(001) system. (c—) Reciprocal and real space lattices of
the surface obtained after oxidation of the c¢(4 x 2) phase. (f and g) Development of CoO(001) upon reactive deposition of Co on the ¢(4 x 2) surface. (h and i)
LEED pattern and STM topography of CoO(111), developing on the bare Ir(001) substrate. Reprinted with permission from Ref. [116]. Copyright (2012) by the
American Physical Society.
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Fig. 6. Simplified scheme of the energy level alignment at the insulator/metal
interface. The insulator is considered in flat band conditions. /P= oxide
ionization potential, Ep= Fermi level, E,= energy gap, Ey,c= vacuum level,
E.= oxide conduction band minimum, E,= oxide valence band maximum,
¢m= metal work function, ¢,= n-type barrier, ¢,= p-type barrier,
A= interface dipole.
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barrier, related to the presence of an interface dipole A
(see Fig. 6). In this case the p-type and n-type Schottky
barriers are given by ¢, = IP+A—¢,, and ¢, = ¢, — (A +y),
respectively. A is generally related to the presence of electronic
states in the insulator gap, either intrinsic or induced by the
presence of the metal. Due to the intimate relation between the
interface chemistry and the lining up of the insulator/metal
bands, the chemical interactions of metal atoms with the oxide
surface are expected to play a prominent role in the determina-
tion of the Schottky barrier.

A noteworthy situation where such an influence has
been found for the M/O interface is the case of the
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Fig. 7. (a) Single high-angle annular dark-field (HAADF) z-contrast scanning transmission electron microscopy image of Cr/SrTiO5(001) interface (middle). The
dashed line marks the interface. The intensity scans acquired at correspondence with different atomic planes parallel to the interface are displayed in the right part of
the panel. The structural model (left) of the Cr/SrTiO5(001) interface is characterized by the presence of Cr atoms interdiffused (marked with inverted arrows) into
topmost atomic layers of SrTiO3(001). (b) Single HAADF image of the Cr/SrTiO5(001) interface. The Ti L, O K, and Cr L edge electron energy loss spectra
collected along the yellow line are displayed in the bottom part of the panel. Reprinted with permission from Ref. [121]. Copyright (2013) by WILEY-VCH Verlag.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)



M/SrTiO3(001) heterojunction. While the interface between
a noble metal such as Au and SrTiO5(001) is characterized
by the formation of a Schottky barrier [120], the
Cr/SrTiO5(001) contact exhibits a low resistance and is
ohmic [121,122]. This stems from the fact that the epitaxial
Cr films do not form an abrupt interface with the
SrTiO5(001) substrate, but a fraction of Cr atoms diffuses
into it, occupying interstitial sites within the first few atomic
planes. At the same time, the Cr atoms become ionized and
strongly dope the near-interface region, forcing Er above the
conduction band minimum.

Fig. 7(a) (middle) displays a Z-contrast scanning transmis-
sion electron microscopy (STEM) image of the
Cr/SrTiO5(001) interface [121]. Intensity profiles acquired on
different atomic layers [right panel of Fig. 7(a)] indicate the
presence of foreign atoms (marked with inverted arrows),
located in the SrTiO3(001) interstitial sites. The foreign species
are identified as Cr atoms, based on Cr L-edge electron energy
loss spectroscopy spectra measured at selected points with a
transmission electron microscope along lines perpendicular to
the interface [Fig. 7(b)]. A schematic structural model, show-
ing Cr atoms interdiffused within the first two atomic layer of
the SrTiO3(001) substrate, is displayed in the left part
of Fig. 7(a).

Lenser et al. obtained similar results by comparing the
transport properties of M/SrTiO5(001) heterojunctions, where
the metallic electrode was either the noble metal Pt or the
highly reactive metal Ti [123]. In the former case, the junction
was found to exhibit rectifying properties, whereas in the latter
the interface exhibits flat-band electronic structure and sym-
metric /(V) characteristics.

Turning to the O/M case, an example of chemically induced
modifications of the Schottky barrier can be recognized in the
MgO/Ag(001) interface obtained by Mg reactive deposition
[124,125]. Depending on the oxygen partial pressure and the
substrate temperature employed during the reactive deposition
of ultra-thin Mg oxide films, the p-type Schottky barrier has
been tuned over 0.7 eV [125]. These remarkable variations of
the Schottky barrier were ascribed to the decrease of the silver
work function induced by the Mg enrichment of the substrate
surface region (associated to the formation of a Mg—Ag alloy)
when Mg is evaporated in oxygen-poor conditions or at high
substrate temperatures [125,126].

Yoshitake et al. studied the relation between the chemical
composition and the band alignment in Al,O3/M interfaces,
where the metallic substrates were pure metals, Cu(111) and
Ni(111), or Al-based intermetallic compounds, Cu-9 at% Al
(111) and NiAI(110) [127]. The Al,O3/Cu(111) [Al,03/Cu-9
at%Al(111)] and Al,O5/Ni(111) [Al,O3/NiAl(110)] interfaces
have been found to be O-terminated [Al-terminated].
The p-type Schottky barrier depends on the interface composi-
tion, being larger when the interfaces are Al-terminated. The
band offset for the AlL,O3/NiAl(110) [Al,05/Cu-9 at%Al(111)]
interface is 1.7 eV [1.2 eV] larger than for the Al,O3/Ni(111)
[Al,O3/Cu(111)] interface.

The origin of the different band offset observed in Al- and
O-terminated Al,O3/M interfaces has been discussed in

Ref. [128], where the Al,Os/Cu-9 at%Al(111) case was
analyzed. For an Al-terminated interface, Er aligns with the
Al,O5 gap states induced by the presence of Al dangling
bonds. The gap states are located slightly above the middle of
the Al,O; gap. Therefore, the maximum of the O 2p-derived
valence band of Al,O; is approximately 4 eV below Ep,
resulting in a p-type Schottky barrier of about 4 eV. On the
other hand, when the interface is established between the O-
terminated alumina and Cu, a strong hybridization between the
Cu 3d and O 2p electronic states occurs; this places the O 2p
orbitals of the alumina valence band near the Cu 3d levels.
Since Cu possesses a high 3d density of states approximately
2eV below Ep, the p-type Schottky barrier falls to the
2 eV range.

2.4. Magnetic coupling

Interfaces between oxides and metals find a widespread
application in the field of magnetic layered structures
[12,129,130]. Since the magnetic coupling in such systems is
mainly driven by the interactions occurring at the interface, it
is of paramount importance to have a full control of the
interfacial chemical composition. Indeed, the local chemical
environment directly influences the spin ordering, since often
the oxidic compounds possess a different magnetic order with
respect to that of the parent metallic crystals (see Table 4).
Magnetic moments are ferromagnetically coupled in Fe, Co
and Ni crystals, while the spin structure of the respective
rocksalt monoxides is characterized by ferromagnetically
coordinated cations with adjacent {111} planes coupled anti-
ferromagnetically to each other. Conversely, Cr bcc crystals
exhibit an antiferromagnetic order, while CrO, is a half-
metallic ferromagnet.

Because of the different chemical composition of the
nominally symmetric M/O and O/M heterosystems (see
Section 2.1), also the resulting interfacial magnetic order
is considerably different. An example can be found again in
Fe/NiO (NiO/Fe) heterostructures, where either a thin
antiferromagnetic FeO oxide [139] or a ferrimagnetic
Fe;O4 [41,43] are stabilized at Fe/NiO and NiO/Fe inter-
faces, respectively. In both cases, the magnetic coupling

Table 4
Magnetic order and magnetic moments () expressed in Bohr magnetons (pg)
for magnetic transition metals and corresponding oxide compounds.

Material Magnetic order m (pg)
Cr Antiferromagnetic 0.59 [131]
Cr,0O3 Antiferromagnetic 2.48 [132]
CrO, Ferromagnetic 2 [133]

Fe Ferromagnetic 2.23 [134]
FeO Antiferromagnetic 3.32 [135]
Fe;04 Ferrimagnetic 5 (Be’1), 4 (Fe® 1) [136,137]
Co Ferromagnetic 1.67 [134]
CoO Antiferromagnetic 3.8 [135]
Ni Ferromagnetic 0.59 [134]
NiO Antiferromagnetic 1.9 [138]




between Fe and NiO is not direct, but mediated by the Fe
oxide layer in between.

A widely investigated magnetic phenomenon occurring at
ferromagnetic metal-antiferromagnetic oxide interfaces is
the exchange bias effect. First discovered in 1956 by
Meiklejohn and Bean during the study of Co particles
embedded in their native antiferromagnetic oxide [140],
exchange bias is a general phenomenon occurring in
coupled ferromagnetic—antiferromagnetic heterostructures.
When the system is cooled through the Néel temperature
of the antiferromagnet, unidirectional magnetic anisotropy is
induced in the ferromagnetic layer, resulting in a shift of its
hysteresis loop. Various theoretical models have been
proposed in order to explain the exchange bias effect, many
of them involving the presence of uncompensated spins at
the interface between the ferromagnet and the antiferro-
magnet. The atomic spin structure is greatly influenced by
the chemical environment, therefore the reactions occurring
at the interface are expected to directly influence the number
of uncompensated spins. Moreover, since structural defects
are responsible for the development of magnetically fru-
strated regions [141], the chemical composition can also
indirectly influence the interface magnetic order through
structural modifications at mesoscopic scales.

For instance, Ohldag et al. correlated the presence of
uncompensated spins at the Co/NiO interface to the stabi-
lization of an ultra-thin CoNiO, layer, formed after the Co
deposition through reduction of the NiO surface [142]. Bali
et al. studied the influence of interfacial Fe oxide on the
magnetic properties of CoO/Fe-wedged/Ag(001) samples
[47]. Upon CoO growth on Fe films of different thickness
(4-16 ML), the interface is found to be characterized by the
presence of a Fe oxide layer composed by Fe,O3 and Fe; Oy,
with the amount of the interfacial Fe—oxide decreasing with
increasing Fe film thickness and saturating for Fe films
above 8 ML. The authors found a correlation between the
thickness of the Fe oxide layer and the difference in
exchange bias field induced by magnetic or zero field
cooling, assigned to the evolution of the interface rough-
ness. Mlynczak et al. recently studied the relation between
the interfacial Fe oxidation and the exchange bias in CoO/Fe
samples grown on MgO [143]. Comparing samples char-
acterized by different amounts of Fe oxides at the interface,
it turned out that the shift of the hysteresis loop is related to
the interface composition, being larger for the overoxidized
Fe(001) substrates.

The chemical interactions occurring at the interface can
induce exchange bias even in cases in which the ferro-
magnet is coupled with an oxide that does not display any
magnetic order. Fan et al. studied the magnetic behavior of
Fe/MgO, finding that FeO patches formed at the Fe/MgO
interface can act as an antiferromagnetic pinning layer,
inducing a pronounced exchange bias confined to the
interface magnetization [144]. Moreover, the authors
demonstrated also the possibility to tune the magnitude of
the exchange bias by changing the interface oxygen
concentration.

2.5. Tailoring the interface structure: buffer layers

A versatile route to tailor the properties of both M/O and
O/M interfaces is to deposit a different metallic or oxide thin
buffer layer between the substrate and the overlayer, obtaining
the different heterostructures (M/O,/O,, O/M/M,, M,/M,/0O,
and O,/O,/M) schematically displayed in Fig. 8. Buffer layers
can be exploited to prevent unwanted chemical reactions at the
interface or improve the interface morphology.

For what concerns M/O,/O,, heterostructures, Allegretti et
al. employed an oxide buffer layer in order to control the
interface chemistry, finding that a sharp boundary between a
ferromagnetic metal and an antiferromagnetic oxide can be
obtained by inserting a thin CoO buffer layer between a NiO
(100) surface and a Co film. XPS spectra reveal that the
presence of a 1-2 ML thick CoO buffer layer, covering the
NiO(001) surface, prevents its reduction when a sub-
monolayer Co film is deposited [145]. A similar strategy was
followed by Masi et al. who investigated, by means of XPS
and LEED, the effect of MgO buffer layers deposited on NiO
prior to Fe growth [146], finding an almost complete suppres-
sion of the NiO reduction characterizing the Fe/NiO interface.

Considering O/M,/M,, interfaces, metallic buffer layers can
be exploited in order to stabilize high quality O/M interfaces
between a metal and its native oxide in those cases in which
the respective crystal structures are markedly different in terms
of lattice mismatch or crystal symmetry. For instance, rocksalt
NiO possesses a large lattice mismatch with respect to fcc Ni
[147], while thin Ni films grow pseudomorphic on Fe(001), i.e.
with the same in-plane lattice constant of the Fe(001) surface
[148-150], leading to a good lattice matching with NiO (see
Table 3). The crystal structure of bulk Co is hcp, symmetry-
mismatched with respect to the rocksalt structured CoO, while
high quality tetragonally distorted body-centered-cubic Co
films stabilized on Fe(001) [151-153] can be used as a
template for obtaining epitaxial CoO layers [154,155]. Mg
(whose bulk crystal structure is hcp) has been stabilized in the
cubic phase on Fe(001) and then subsequently oxidized to
obtain MgO [156]. Finally, a metallic buffer layer can also
protect the substrate from oxidation during oxide deposition.

O/Ma/Mb Oal/Obs/M
oxide oxide a
metal a oxide b
metal b metal
Ma/Ms/O M/Oa/Ob
metal a metal
metal b oxide a
oxide oxide b

Fig. 8. Schematic representation of the three-layered structures containing a
different metallic or oxide buffer layer across the M/O and O/M interface.



Following this line, it has been shown that a thin Mg buffer
layer prevents substrate oxidation when MgO layers are
deposited on CoFeB [157].

As for O,/0,/M layered system, Xue et al. studied the effect
of a Fe oxide buffer layers covering a Mo(110) substrate for
the growth of polar NiO(111) films. Fe oxide buffer layers
improve the NiO(111) growth with respect to the direct growth
on the pristine Mo(110) substrate, decreasing the lattice
mismatch and lowering the interfacial energy thanks to the
chemical reactions occurring between NiO and the iron oxide
[158]. A similar strategy, employing a FeO(111) layer grown
on Mo(110), was adopted for the stabilization of ZnO(0001)
films [159].

Metallic buffer layers covering oxide substrates before the
deposition of a second metal (M,/M,/O) can be useful in those
cases in which the top metallic layer is a noble metal,
employed because of its high stability under environmental
conditions. The weak adhesion between the noble metal and
the oxide surface often results in the formation of a remarkable
number of pinholes (see Section 2.2.2). The insertion of a
reactive metal buffer layer between the oxide substrate and the
overlayer can enhance the mechanical stability of the M/O
interface. Comparing the morphology of Au films grown on
the bare Al,0O3(0001) surface with that obtained on
Co/Al,05(0001), Kamiko et al. observed the formation of
highly ordered Au(111) films on the surface covered by the Co
buffer layer, while a disordered film develops on the pristine
Al,03(0001) surface [160].

The wetting of the metallic overlayer can be enhanced also
by using the M/O,/O,, heterostructure. Nozaki et al. found that
inserting an Fe,O5 buffer layer on top of the MgO(001) surface
leads to the development of flat Fe [161] (Co [162]) films with
sub-nanometer thickness, whereas Fe (Co) films grown on the
bare MgO substrate form a discontinuous layer due to metal
islanding. A flat Fe (Co) morphology allows the establishment
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of a ferromagnetic long-range order since the early stages of
growth, while in the Fe/MgO system the ferromagnetism sets
in only at higher coverages, when the Fe clusters coalesce and
a closed film is formed [163].

3. Structure and chemistry of ultra-thin oxide films on
highly oxidizable substrates

A large body of literature deals with the preparation and
characterization of ultra-thin oxide films on noble and quasi
noble metals [3]. These films are often exploited for the study
of complex chemical processes involved in heterogeneous
catalysis. Phenomena like water interaction with oxide surfaces
[164—167] and CO oxidation [168,169] have been deeply
investigated thanks to the use of these model systems. A
prerequisite to successfully rationalize the complex chemical
reactions occurring at oxides surfaces relies on the possibility
to obtain highly ordered films, allowing their investigation by
means of scanning probe techniques [64,170] and a direct
comparison with theoretical models [171]. Comparatively, less
progress have been made in the characterization of ultra-thin
oxides supported by highly reactive metallic substrates. With
the term “highly reactive” we refer to metals for which a stable
oxide structure is formed for oxygen exposures performed in
UHV conditions (up to 10~ % mbar).

Such a lack of experimental investigations is partly related
to the additional experimental issues encountered when one
tries to stabilize an oxide on a highly oxidizable substrates. As
a matter of fact, exposure to oxygen can produce severe
structural modifications on the substrate, often inducing a
roughening of the surface and in turn preventing the develop-
ment of smooth structures [172]. For this reason, particular
care has to be paid for the preparation of well-ordered oxides
on such substrates.
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Fig. 9. Oxygen-induced roughening of the Fe(001)-p(1 x 1)O surface. (a) STM topographic image of the Fe(001)-p(1 x 1)O [see Section 4.1]. (b) Morphology

obtained after dosing 50 L of O, and annealing at 200 °C in UHV.



Fig. 9 exemplifies the surface structural modifications
induced on the Fe(001)-p(1 x 1)O surface by oxygen exposure
(see Section 4.1). While the Fe(001)-p(1 x 1)O substrate is
characterized by atomically flat terraces, after dosing 50 L of
molecular oxygen Fe oxide nuclei develop, increasing con-
siderably the surface roughness. The surface roughening,
occurring during the early stages of oxygen dosing, is expected
to play an important role in determining the structural quality
of the heteroepitaxial ultra-thin oxide film, as indeed observed
by Tekiel et al. in their systematic study of the influence of the
preparation protocol on the growth of epitaxial MgO films on
Fe(001) [57]. The MgO crystal quality depends on the ratio
between the Mg deposition rate (r) and the oxygen partial
pressure (p) employed during the reactive deposition. At low
r/p values, the overexposure to oxygen causes an excessive
substrate oxidation, resulting in a poorly ordered MgO film,
while high »/p values induce the development of under-
stoichiometric MgO films (see Fig. 10).

3.1. Late 3d transition metals substrates

In this section, oxide ultra-thin films stabilized on late 3d
transition metals (with the exception of Fe, to which Section 4
is dedicated) are reviewed. Incidentally, such metals can be
either antiferromagnetic (Cr, Mn) or ferromagnetic (Fe, Co,
Ni), therefore the interaction with an oxide overlayer can have
a strong influence on the interfacial magnetic properties, as
highlighted in Section 2.4. Because of their high oxygen
affinity, ultra-thin layers of native oxides can be stabilized on
late 3d magnetic metals by direct exposure to oxygen at
relatively low partial pressures. In this case, the crystal quality
and morphological order of the oxide overlayer represent a
crucial issue, since the oxide crystal structure is generally
different with respect to that of the metallic substrate. In
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Fig. 10. LEED patterns from MgO thin films stabilized on Fe(001) as a function
of oxygen partial pressure (p) and Mg deposition rate (r). The best quality films
are obtained for r/p = 0.15 x 108A x min~! x mbar 1. Reprinted with permis-
sion from Ref. [57]. Copyright (2013) by Elsevier.

addition, when 3d magnetic metals are employed as substrates
for heteroepitaxial growth, particular care has to be paid in the
characterization of the interface chemical state, since cationic
species from the substrate are likely to be included in
the oxide.

Epitaxial Cr,O3 films have been stabilized on the Cr(011)
surface [173-178]. Oxygen exposure in UHV conditions
performed with the substrate held at relatively high tempera-
tures (603 K) induces the layer-by-layer growth of Cr,Os;,
without any interface roughening [174]. On the other hand,
oxidation of the Cr(001) surface produces a polycrystalline
oxide film [179].

Oxidation of the Co(0001) surface results in the stabilization
of an ultra-thin CoO(111) at low oxygen exposure and Co30y4
at higher exposures [180]. Generally, when Co(0001) is
employed as a substrate for the deposition of heteroepitaxial
oxides, the formation of a thin Co oxide interfacial layer is
reported. For instance, the Co(0001) surface has been found to
be a suitable substrate for the growth of corundum-structured
Al,Os. In this case the formation of a CoO thin layer between
the Al,O5 film and the Co substrate was reported [181]. A
3.5 A thick Co oxide layer was found also in the interfacial
region of ultra-thin chromia films grown on the Co(0001)
surface [182]. Wang et al. studied the MoO3/Co layered
system, finding a reduction of the oxidation state of Mo
in the interfacial region, along with the formation of Co
oxide [183].

The oxidation of Ni(001) above room temperature produces
crystallites with a lateral extension of 50 A [147], while the
formation of a continuous NiO(111)-like layer composed by
nanosized domains is observed on Ni(111) [184]. The experi-
mental results in the literature concerning the growth of Ni-
supported oxide films generally report a very weak substrate
oxidation. Ni(001) has been used as a template for the growth
of Eu oxide, with a negligible oxidation of the Ni substrate
[185,186]. Ni(111) has been used as template for the growth of
Al,O5 films [187,188]. Also in this case, no remarkable
oxidation of the Ni substrate was observed, although Ni-O
bonds were detected at the interface. Prevot et al. suggested
that the Ni-supported Al,O3 oxide films can be regarded as a
freestanding oxide layers [189]. Ti oxide [190] and V oxide
[191] have been stabilized on Ni(110). In both cases only a
weak oxidation of the substrate was reported.

3.2. Refractory metals

4d (Nb and Mo) and 5d (Ta, W, Re) refractory metals are all
characterized by a high melting point (above 2273 K) and a
remarkable hardness. Despite the heat of formation of these
oxides is comparable with that of 3d magnetic metals, the
onset of bulk oxidation in UHV conditions is observed only at
high temperatures or by employing oxidation promoters, such
as rare-earths [192,193] or alkali metals [194]. The reluctance
of refractory metals towards oxidation relies on the high
kinetic constraints experienced by oxygen atoms during their
incorporation into the growing oxide film. Nordlander et al.
discussed the correlation between the stiffness of the materials



and the energy barrier for the incorporation of oxygen atoms in
subsurface sites. Their findings suggest that the higher the
shear modulus, the higher the potential barrier for oxygen
penetration through the surface [195]. In this frame, due to
their remarkable hardness, refractory metals and their oxidic
compounds are expected to display high barriers for oxygen
incorporation [196]. Nevertheless, high-quality layers of WO,
were recently stabilized by high temperature oxidation of the
W(110) surface [197]. A structure similar to WO,/W(110) is
found for the MoO, oxide layer formed upon high-temperature
oxidation of the Mo(110) surface [198].

Thanks to their reluctance towards oxidation, when refrac-
tory metals are employed as substrates for the stabilization of
heteroepitaxial oxides, the formation of their oxidic phase is
seldom reported. The key point for the use of refractory metals
substrates is the possibility to explore a large window of
temperatures without problems of substrate instability or
intermixing between the deposit and the substrate. Mo(001)
has been employed as a support for the growth of MgO [199-
201] and CaO thin films [108,109], finding in both cases that
the best quality films are obtained after high temperature
annealing, at about 1000 K. Either TiO,(100) or Ti,O5(0001)
epitaxial layers have been grown on the Mo(110) surface,
depending on the film preparation method [202]. Similarly, the
W(100) surface has been reported to be a good support for the
growth of TiO,(110) layers [203,204].

3.3. Alloys

Among the class of substrates reactive towards oxidation, the
case of binary alloys should be mentioned as well. These are
characterized by a crystal structure composed by two different
metallic elements, A and B. Generally, alloys are employed since
their high melting point allows high-temperature treatments,
crucial to obtain ordered crystalline structures. The preferred
route for obtaining an epitaxial oxide over a binary alloy substrate
is typically represented by the direct oxidation of the surface. If
the atomic species B possesses a larger oxygen affinity with
respect to A, the oxidation will primarily induce the segregation
and oxidation of B atoms, producing a BO, layer covering the
surface [205-207]. In this case the alloy should release the
reactive metal slowly, so that the oxidation process takes place at
a moderate rate, which constitutes a crucial prerequisite for the
formation of good-quality crystalline oxide films. As an example,
Pt;Zr(0001) [208] and Pd;Zr(0001) [209] substrates have been
exploited to grow well-ordered ZrO, films by means of post
oxidation.

The paradigmatic example of an oxide supported by an alloy
substrate is represented by the binary compound NiAl,
employed as a substrate for the stabilization of well-ordered
Al,O5 films. While direct oxidation of Al surfaces produces
amorphous layers [210,211], high-temperature oxidation of
either NiAl(110) [212,213] or NizAl(111) [214] induces the
formation of high-crystal-quality Al,O5 films. Al,O3 has been
stabilized also by oxidation of Cu-9 at%Al(111) [215].

Surface-confined alloys, obtained by deposition of metallic
films on metallic substrates, have also been used as a template

for the stabilization of ultra-thin oxide films. The oxidation of
a Ti—Au alloy formed at the Au(111) surface induces the
development of TiO, nanocrystals [216], while Co oxide
develops from the oxidation of a surface-confined Co—Pt alloy
grown on Pt(111) [217].

4. Ultra-thin oxides on Fe(001)
4.1. Fe(001) and Fe(001)-p(1 x 1)O substrates

Fe(001) substrates are available in the form of whiskers
[218-220] or bulk single crystals [220]. In addition, high
quality Fe(001) surfaces can be obtained by depositing thick
Fe films (thickness above 100 nm) onto a polished MgO
substrate by means of MBE [221]. Such Fe(001) films display
the same properties of bulk iron, but compared to Fe(001)
single crystals are cheaper and much easier to clean from
contaminants.

The Fe(001)-p(1 x 1)O surface, characterized by a single
layer of oxygen atoms adsorbed on the fourfold hollow sites of
Fe(001), can be obtained by dosing molecular oxygen onto the
clean Fe(001) surface and annealing the sample at high
temperatures (above 700 K). Although several preparation
methods can be found in the literature, mainly differing in
the oxygen amount employed to saturate the clean surface
(ranging from 0.6 L [222] to 30 L [223]), according to Lu et al.
the final heating step annihilates any surface disorder induced
by oxygen overdosing, leaving just one well-ordered layer of
oxygen atoms [224].

Fig. 11 displays the effects induced by the oxidation process
and high-temperature annealing on the Fe(001) mesoscopic
morphology [223]. The oxygen-free Fe(001) sample is char-
acterized by relatively small terraces (average width equal to
about 30 nm) separated by monoatomic steps (with a topo-
graphic height of 143 pm). Screw dislocations arising from
strain relaxation are visible on the surface. Oxygen adsorption
and subsequent annealing induce a noticeable mass rearrange-
ment over the whole surface, and the Fe(001)-p(1 x 1)O
reconstruction displays wide atomically flat terraces (average
width equal to about 140 nm), separated by multilayer steps.
The product between the step density and the mean step height
before and after oxidation is the same, indicating that the
mesoscopic structure of the Fe(001)-p(1 x 1)O surface results
from the bunching of the steps present on the pristine Fe(001)
surface.

At the atomic level, oxygen atoms arrange in a highly ordered
overlayer, in registry with the substrate [225-227]. The oxygen-
induced enhancement of the atomic corrugation allows the
achievement of atomic resolution on the Fe(001)-p(1 x 1)O
substrate, difficult to obtain on the clean Fe(001) surface
[228,229]. The atomically resolved STM image acquired on the
Fe(001)-p(1 x 1)O, displayed in Fig. 12, shows that large defect-
free regions are present on this surface. The oxygen atoms reside in
the fourfold symmetric surface hollow sites, protruding slightly
above the Fe(001) topmost layer. Since the oxygen overlayer is not
coplanar with the Fe(001) surface layer, an electric dipole directed
normal to the surface appears. As a consequence, the surface work
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Fig. 12. Atomically resolved STM image illustrating the high degree of order
at the Fe(001)-p(1 x 1)O surface.

function of the oxidized sample is about 0.6-0.7 eV higher than
that of the oxygen-free surface [230,231]. The oxygen overlayer
also induces an outward relaxation of the topmost Fe layer, with
the first Fe—Fe interlayer spacing increased with respect to the bulk
value. First principles calculations performed by Chubb et al. show
a 23% increase [232], while Legg et al. inferred an expansion of
7% from LEED data [233]. More recently, Parhiar et al.

determined an increase of 16% by combining x-ray diffraction
and ab initio calculations [234]. The oxygen-induced relaxation of
the topmost layers has been found to enhance the surface spin-
dependent effects with respect to oxygen-free Fe(001) [235].
Moreover, the surface magnetic moment oscillates during Fe
homoepitaxial growth on the Fe(001)-p(1 x 1)O [236,237], a
phenomenon recently related to the different oxygen adsorption
geometry on the islands and on the atomically flat terraces [238].

The first layer of oxygen atoms adsorbed on the Fe(001)
hollow sites is often described as a chemisorbed phase,
preceding the onset of bulk oxidation. However, the atomic
structure of the Fe(001)-p(1 x 1)O surface has been suggested
to be similar to an ultra-thin rocksalt-type FeO film accom-
modated on the Fe(001) surface, as evidenced by the theore-
tical investigation of Blonski et al., where the presence of
strong covalent Fe-O bonds formed by Fe-3d-O-2p hybrid
orbitals, similar to those of bulk FeO, was highlighted [231].
These theoretical results are experimentally confirmed by low
electron-kinetic-energy AES spectroscopy [see Fig. 13(a)],
which is particularly sensitive to the local chemical environ-
ment of surface atoms. While the spectrum of the oxygen-free
surface is characterized by a single peak located at about
47 eV, corresponding to the MVV transition of clean Fe(001),
upon oxygen adsorption a small shoulder appears at about
38 eV. This feature is more evident in the spectra acquired by
tilting the sample with respect to the emitted electron beam,
indicating that such a feature is related to the surface electronic
structure. The same feature is found also on Fe oxide surfaces
produced by oxidation of either bulk Fe samples [239-241] or
W(110)-supported Fe monolayer films exposed to oxygen
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Fig. 13. Comparison between AES spectra acquired on the clean Fe(001) surface and on the oxygen passivated Fe(001)-p(1 x 1)O surface. (a) Low kinetic energy
region. In the spectrum corresponding to the Fe(001)-p(1 x 1)O surface, a small shoulder is present at lower kinetic energies with respect to the main metallic peak,
visible at 47 eV. Dashed spectra have been acquired with the sample normal tilted with respect to the incident beam current by an angle of 77°. (b) High kinetic
energy region. Upon oxygen adsorption, the peaks corresponding to oxygen KLL transitions arise.

[242], indicating that the chemical bonds between Fe and O on
the Fe(001)-p(1 x 1)O surface are very similar to those found
on the surfaces of Fe oxides. Fig. 13(b) displays the spectra
acquired on the Fe(001) and Fe(001)-p(1 x 1)O samples in the
high kinetic energy region. Upon oxygen adsorption, the peaks
related to the O KLL transitions arise, while the Fe LMM
transitions are not significantly perturbed by the oxygen
overlayer.

STS acquired on the Fe(001)-p(1 x 1)O surface confirms that
substantial modifications of the Fe(001) electronic structure are
induced by the ordered oxygen overlayer. The clean Fe(001)
surface is characterized by an intense surface state at 0.17 eV
above Ef [243], weakly shifted by 0.04 eV to higher energies
when isolated oxygen impurities are present on the surface [244].
On the other hand, in dI/dV STS data acquired on the
Fe(001)-p(1 x 1)O surface, displayed in the inset of Fig. 14,
two peaks are located at about 1 eV above and 0.5 eV below EFf,
respectively [226]. These spectroscopic features are better
resolved in the spectrum reported in the main panel of Fig. 14,
obtained by normalizing the STS curves to the tunneling barrier
transmission coefficient [226,245,246].

A direct comparison between the measured and the com-
puted electronic structure for the Fe(001)-p(1 x 1)O surface is
obtained by considering the calculated density of states
integrated over a proper region of the first surface Brillouin
zone [226]. Fig. 15 displays the computed density of states,
evaluated in the two surface layers (Fe and O). The majority
and minority components are reported in the upper and lower
panels, respectively, while the dotted line corresponds to the
total DOS. The minority-spin state located at 0.17 eV, char-
acteristic of oxygen-free Fe(001) [243], is not present on the
Fe(001)-p(1 x 1)O surface, while a feature at 0.8eV is
detected. This is attributed to a surface resonance, because of

its large amplitude in the vacuum region. This unoccupied
minority surface state is in very good agreement with the
measured position of the large peak at positive bias in STS
data. A better agreement between experiment and theory can
be obtained by considering that, because of the faster decay
towards vacuum of the wave functions at large k values, the
STS probing method possesses a higher sensitivity to states
around the I" point. By assuming that only 1/5 of the first
surface Brillouin zone around I” contributes to the STS signal
[Fig. 15(b)], one finds that features at about 0.35 eV below Ep
appear in the partial density of minority spin states, which can
be readily associated to the peak detected at about —0.5 eV in
the STS spectra.

In conclusion, the available experimental and theoretical
data suggest to consider the Fe(001)-p(1 x 1)O as a completely
new phase with respect to oxygen-free Fe(001), characterized
by its own structural, electronic and magnetic properties.

4.2. Wetting layer oxides on Fe(001)

A suitable strategy to obtain a sharp interface between a
single-layer of oxide and a reactive substrate could be to
exploit the oxygen adsorbed on the surface before metal
deposition since, in this case, the amount of oxygen available
is well defined. Preloaded oxygen on surface and subsurface
sites has been employed for the preparation of two-
dimensional films of vanadium, niobium, and molybdenum
oxides on CuzAu(100) [247]. An incomplete BaO, layer was
obtained by depositing Ba atoms on the O (2 x 1) Ni(110)
surface [248]. More recently, a sharp interface between a Ni
thin film and a single layer of NiO was obtained by depositing
Ni onto a pre-oxidized Cu(100) surface [249], and even a
ternary Ba,Ti,O3 oxide has been obtained by depositing Ba
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Fig. 14. Conductance spectra, normalized to the tunneling barrier transmission
coefficient, acquired on the Fe(001)-p(1 x 1)O surface. The inset displays the
raw data. Reprinted with permission from Ref. [226]. Copyright (2009) by the
American Physical Society.
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Fig. 15. (a) Computed density of Fe(001)-p(1 x 1)O states in the surface
region (surface and subsurface layer), integrated over the entire first surface
Brillouin zone. (b) Computed density of Fe(001)-p(1 x 1)O states integrated
only over 1/5 of the surface Brillouin zone around I'. Up arrow: majority-spin
component; down arrow: minority-spin component; dotted line: total density of
states. Reprinted with permission from Ref. [226]. Copyright (2009) by the
American Physical Society.

atoms onto an ultra-thin Ti,Oz film supported on Au(111)
[250]. The natural starting point for the growth of Fe(001)
supported ultra-thin oxides is the Fe(001)-p(1 x 1)O surface. A
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Fig. 16. (a) Atomically resolved STM image acquired after deposition of
0.1 ML Cr on the Fe(001)-p(1 x 1)O substrate kept at high temperature
(673 K). The inset shows a blow-up of a Cr first nearest-neighbor pair, where
the alignment with the substrate lattice is indicated by the dashed lines.
(b) Statistical distribution of relative Cr pair co-ordinates of the adatoms
observed in panel (a). Regions corresponding to the first, second, and third
nearest-neighbor separations are evidenced in the figure. (c) Comparison
between the experimental results reported in panel (b), integrated over the
possible directions (vertical bars), and a simulated random distribution
(symbols). Reprinted with permission from Ref. [252]. Copyright (2013) by
AIP Publishing LLC.
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Fig. 17. High-resolution STM images acquired after deposition of (a) 0.1, (c) 0.4, (e) 0.75, and (g) 0.8 ML of Cr on Fe(001)-p(1 x 1)O, respectively (/=5 nA,
V=100 mV). In the right column the corresponding LEED patterns (electron beam energy £=100 eV) are reported. The reciprocal unit cells of the two rotational
domains are superimposed on panels (f) and (h). Adapted with permission from Ref. [251]. Copyright (2013) by the American Physical Society.
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Fig. 18. (a) Variation of the Fe MNN AES lineshape at normal (continuous line) and grazing incidence (dotted line, sample normal 77° tilted with respect to the
emitted beam) for the different Cr,O, phases observed for ultra-thin Cr/Fe(001)-p(1 x 1)O films. The vertical dashed lines indicate the maximum of the feature
related to Fe-O bonds (39.5 eV) and the minimum of the metallic Fe peak (47 eV). (b) Corresponding high kinetic energy region for the same samples in (a). The
bottom-left part reports the spectrum of a reference Cr sample (open symbols) and the result (full symbols) obtained by subtracting the former from the AES
spectrum observed on the (v/5 x +/5)R27° sample. Panel (a) adapted from Ref. [251]. Copyright (2013) by the American Physical Society.

Fig. 19. Top view of structures simulated by DFT: (a) c(4 x 2) phase with metal vacancies, (b) p(2 x 2), (c) p(4 x 2), (d) ¢(4 x 2) with Fe atoms filling the
vacancies, (€) (\/3 x +/3)R27° with metal vacancies, (f) (v/3 x +/3)R27° with Fe atoms filling the vacancies, and (g) p(1 x 1). Only atoms above the Fe(001)
surface layer are depicted. Cr (AP)/(P) refers to atoms with magnetic moment antiparallel/parallel to the one of the Fe surfaces. Reprinted with permission from

Ref. [251]. Copyright (2013) by the American Physical Society.

noteworthy case in which this strategy has been successful is
that of Cr oxide single layers [251,252].

Fig. 16(a) focuses on the surface morphology of 0.1 ML Cr
grown on the Fe(001)-p(1 x 1)O surface, with the substrate
kept at 673 K during Cr deposition. Isolated atomic-scale
features, imaged as protrusions in the constant current STM
image, are visible on the substrate. The observation of isolated
atoms in STM measurements acquired at room temperature,
where adatoms are usually highly mobile on uniform surfaces,

suggests that deposited Cr atoms are embedded into the
topmost substrate layer. Fig. 16(b) and (c) displays the
outcome of a statistical analysis performed on the atomically
resolved STM images, from which it is possible to notice that
the Cr pair distribution does not significantly deviate from a
random distribution. In a similar analysis performed for Cr
deposition on oxygen-free Fe(001) [253], no nearest neighbor
Cr adatoms were found, indicating an effective repulsion
between Cr atoms, which has been attributed to the presence



Table 5

Summary of DFT energetics. The unit cell of each structure covers Njy;
primitive unit cells of Fe(001) and includes N¢; (Ng.) Cr (Fe) atoms. F
indicates the formation energy per Cr atom. Refer to Fig. 19 for structural
models. Reprinted with permission from Ref. [251]. Copyright (2013) by the
American Physical Society.

Coverage  Structure  Periodicity Nixi  Neo N F(eV)
075 ML (a) (4 x2) 4 3 0 —1.12
(b) p2x2) 4 3 0 —1.05
()" p(4 x2) 8 6 0 —0.99
@"° c(4x2) 4 3 1 —0.70
080 ML  (e) (W35 x V/3)R27° 5 4 0 —1.02
° (V3x /3R 5 4 1 —0.69
1L.OOML (g pdx1) 1 1 0 —0.55

# Antiferromagnetic coupling within the Cr layer.
"Vacancies filled by Fe atoms.

y=0.14 A

do_fes = 139%
dCrA—FeS = 125%
dCrB—FeS - 128%
dFeS_FeS—l - 103%

x = 0.03 A
y=0.13 A

dO—FeS — 14]. %
derFes = 126 %
dFeS—FeS—l - 102 %

Fig. 20. Top and side views of the (a) c(4 x 2) and (b) (/3 x +/3)R27°
superstructures. The arrows indicate the in-plane displacements (x,y) of the Cr
atoms. Interlayer spacings d are given in percentages of the one in bulk iron.
By FeS and FeS~! we indicate iron atoms in the first and the second layer,
respectively. Reprinted with permission from Ref. [251]. Copyright (2013) by
the American Physical Society.

of magnetic frustration [254]. This repulsive interaction
between Cr atoms embedded in the Fe(001) topmost layer
seems to be suppressed by the oxygen overlayer present on the
Fe(001)-p(1 x 1)O substrate.

For higher coverages the Cr atoms self-organize in highly
ordered structures, as evidenced in Fig. 17. In Fig. 17(c),
corresponding to a Cr coverage of 0.4 ML, the regions in
which the Cr density is higher, appear to be locally ordered, as

a Fe-p(1x1)O
L substrate

R
700 720 740

b | Cr0.75 ML
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Fig. 21. XAS spectra at L, ; edges taken with either positive (black lines) or
negative (green lines) photon helicity and XMCD spectra (blue lines) of panel
(a) Fe(001)-p(1 x 1)O substrate; panel (b) c(4 x 2) phase; and panel
(¢) (/5 x +/3)R27° phase. The dashed vertical lines indicate the position of
the XMCD main peak. Adapted with permission from Ref. [252]. Copyright
(2013) by AIP Publishing LLC. (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this paper.)
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Fig. 22. STM topography after deposition of 0.35 ML of Ni on (a) Fe(001)-p(1 x 1)O and (b) Fe(001). (c and d) STM profiles measured along the lines traced in
panels (a) and (b), respectively. Reprinted with permission from Ref. [257]. Copyright (2012) by the American Physical Society.

Fig. 23. STM images of 0.6 ML Ni grown on Fe(001)-p(1 x 1)O. (a and c) Morphology of the as-grown sample. (b and d) Morphology after post-annealing
treatment at 600 K. The islands size after the annealing increases by one order of magnitude with respect to the case before annealing. (d) Enlarged view of an
island: the small bright features on the substrate and on the islands, with apparent height of 40 pm, indicate intermixing between Ni and Fe. Panels (a) and (b):
270 x 270 nm?; panels (c) and (d): 19 x 19 nm?. Reprinted with permission from Ref. [257]. Copyright (2012) by the American Physical Society.
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Fig. 24. Effects of the post-oxidation process (10 L of O, at RT and post-annealed to 470 K for 5 min) performed on a 1.1 ML-thick Ni film grown at 370 K on the
oxygen-free Fe(001). Panels (a) and (b) display the surface topography before and after the post-oxidation treatment, respectively. Line profiles along the
corresponding dashed white lines are reported at the bottom of each panel. Panel (a) V=100 mV, =100 pA; panel (b) V=1V, I=300 pA.

also testified by the faint c(4 x 2) superstructure visible in the
LEED pattern of Fig. 17(d). At a coverage of 0.75 ML,
the substrate is completely covered by an atomically flat
wetting layer characterized by a c(4 x 2) periodicity, arising
from an ordered array of dark holes with a rhombic primitive
cell, well-visible in the STM image and LEED pattern reported
in Fig. 17(e) and (f), respectively [251]. Increasing the cover-
age up to 0.8 ML leads to a large-scale reorganiza-
tion of the overlayer, resulting in a transition toward a
(+/5 x V/5)R27° phase, displayed in the real and reciprocal
space in Fig. 17(g) and (h), respectively.

Further insights into the Cr/Fe(001)-p(1 x 1)O surface and
interface chemistry can be acquired from AES spectroscopy.
Fig. 18(a) and (b) shows low and high kinetic energy AES spectra,
respectively. The spectrum measured on Fe(001)-p(1 x 1)O differs
from that of oxygen-free Fe(001) by the presence of a shoulder
located at lower kinetic energy with respect to the metallic peak
located at 47 eV, readily associated to the presence Fe—O bonds
(see Section 4.1). After Cr deposition, the shoulder disappears,
indicating that the Fe—O bonds are broken. However, the peak
related to O KLL transitions is still visible in the high kinetic
energy region, revealing that oxygen atoms are still present on the
surface layer. By combining these pieces of informations it is
possible to deduce that the Fe-O bonds are replaced by Cr-O
bonds [251].

Further insight concerning the wetting-layer Cr oxides come
from theoretical analysis, based on DFT simulations performed
with the generalized gradient approximation for the exchange
and correlation functional as proposed by Perdew, Burke, and
Ernzerhof (GGA-PBE) [255]. Fig. 19 presents some structural
models based on the O—-Cr—Fe(001) stacking suggested by
AES spectra. Cr atoms are located in the hollow sites of the

Fe(001) surface, originally occupied by oxygen atoms. The
latter are placed on Fe-atop sites, between Cr atoms and
slightly above them. The corresponding formation energies per
Cr atom are reported in Table 5.

For a 0.75 ML-Cr coverage, the most stable arrangement is
found to be the c(4 x 2) structure, with the topmost layer
composed by 75% of Cr atoms and 25% by vacancies [see
Fig. 19(a)]. This is in good agreement with the observation of
the c(4 x 2) superstructure in the early nucleation stages.
Arranging the same amount of Cr atoms in a p(2 x 2)
overlayer results in a less stable structure by 0.07 eV per Cr
atom. The observed STM images and LEED patterns, display-
ing the c¢(4 x 2) superstructure, could be compatible also with
the models of Fig. 19(c) and (d). In the first case, the Cr
magnetic moments are supposed to be alternately parallel/
antiparallel to that of Fe, resulting in a p(2 x 4) superstructure,
where the net magnetization of the Cr oxide overlayer is zero.
However, the strong magnetic coupling with the Fe substrate
makes this magnetic configuration less convenient (by 0.13 eV
per Cr atom) with respect to the one where all the Cr spins
antiparallel to the Fe magnetization. In the second case, the
dark holes forming the c¢(4 x 2) superstructure are supposed to
be filled with Fe atoms. However, in this case the formation
energy is highly unfavorable, with an estimated energy cost
per Fe atom equal to 1.27 eV.

The ¢(4 x 2) phase is characterized by two inequivalent Cr
atoms, denoted by Cra and Crp in Fig. 20(a), possessing three
and two nearest Cr neighbors, respectively. The lower number
of Cr neighbors makes the Crg atoms less affected by magnetic
frustration, resulting in a higher magnetic moment for Crp
(3.1 pp) with respect to that of Cra (2.9 pg). Lowdin popula-
tion analysis reveals that Cry and Crg differ also by their net
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Fig. 25. (a) STM topography of a 5 ML-thick Ni film deposited on the Fe(001)-p(1 x 1)O substrate. (b) STS spectra acquired on the Fe(001)-p(1 x 1)O surface and on the Ni
film at different Ni thickness. A strong peak is present at about 0.25 eV below Eg. (¢) AES spectra acquired on Fe(001)-p(1 x 1)O and 5 ML Ni/Fe(001)-p(1 x 1)O. Notice the
presence of the shoulder at about 38 eV, characteristic of oxidized Fe atoms. Panels (a) and (b) reprinted with permission from Ref. [257]. Copyright (2012) by the American

Physical Society.

charge, which are +1.12 ¢ and +1.16 e, respectively. Elec-
trons displaced from Cr atoms mainly move towards the
oxygen atoms, which are negatively charged (—0.62 e each).
A small fraction of charge also flows towards the first Fe layer
(—0.08 e per Fe atom). The charge flow towards the metallic
substrate induces a rumpling of the oxide film, with the oxygen
sublayer at larger distances from the support than the cation
one [256].

At a coverage of 0.80 ML the energetically most stable
structure is (+/5 x +/5)R27°, with a formation energy of
—1.02 eV per atom. The experimentally observed abrupt phase
transition from ¢(4 x 2) to (v/5 x +/5)R27° can be understood
by comparing the formation energy of the (v/5 x +/5)R27° phase
with that of a mixed phase, obtained by filling 20% of the
c(4 x 2) vacancy sites with Cr atoms to obtain 0.80 ML
coverage. In this case 25% of the Cr atoms would form
p(1x1) patches within the c¢(4 x2) phase, yielding
Frix =0.75F (a) + 0.25F(g)=—0.98 eV. In  the
(+/5 x /5)R27°, all Cr atoms are equivalent, with a Lowdin

charge equal to +1.12¢ and a magnetic moment of 3.0 pg.
Similarly to the c(4 x 2) case, the occupation of vacancy sites by
Fe atoms would increase significantly the formation energy by
1.34 eV per added Fe atom.

The analysis of XMCD profiles extracted from experimental
XAS spectra provides information about the magnetization of
the different Cr oxide phases stabilized on the Fe(001) surface
[252]. Fig. 21 reports XAS spectra acquired on the Cr,O,
layers at coverages of 0.75 ML [c(4 x 2) phase], and 0.8 ML
[(V/5 x V/5)R27° phase] [252]. In both spectra the overlayer
dichroic signal is opposite to that of the iron substrate,
confirming the theoretic predictions of Cr oxide wetting layers
possessing a ferromagnetic order, antiferromagnetically
coupled to the Fe(001) substrate.

Unlike the Cr,0,/Fe(001) case, it is not possible to stabilize a
wetting NiO layer on the Fe(001) surface by depositing Ni on the
Fe(001)-p(1 x 1)O substrate. Fig. 22 compares the morphology
resulting from Ni deposition on the Fe(001)-p(1 x 1)O [panel (a)]
and Fe(001) [panel (b)] surfaces, with the substrates held at 400 K
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Fig. 26. STM topography after deposition of 0.25 ML of iron on (a) Fe(001) and (b) Fe(001)-p(1 x 1)O. STM topography after deposition of 3.5 ML of iron on
(c) Fe(001) and (d) Fe(001)-p(1 x 1)O. (e, f) STM profiles measured along the lines traced in panels (c) and (d), respectively. The image size in panels (a)—(d) is
40 x 40 nm?. Reprinted with permission from Ref. [223]. Copyright (2011) by the American Physical Society.

during Ni deposition [257]. The STM topographic heights
acquired across a Ni island nucleated on the Fe(001)-p(1 x 1)O
and on the Fe(001) substrates are displayed in Fig. 22(c) and (d),
respectively. While Ni deposited on clean Fe(001) surface
nucleates single-layer islands (with a topographic height of about
140 pm), only bi-layer islands (with a topographic height of about
280 pm) are present when Ni is deposited on the
Fe(001)-p(1 x 1)O substrate, suggesting that a single layer of
NiO accommodated on top of Fe(001) is not stable.

Ni deposition at higher temperature or post annealing
treatments up to 550 K do not induce a flattening of the bi-
layer Ni islands [257]. Instead, post annealing treatments at
higher temperatures induce a drastic modifications on the
surface morphology. Fig. 23 displays the effect of post
annealing at 600 K, performed on a 0.6 ML Ni film deposited
on the Fe(001)-p(1 x 1)O surface. The morphology of the as-
grown sample, displayed in Fig. 23(a) and (c), is remarkably
different compared to that obtained after heating, displayed in
Fig. 23(b) and (d). The heating induces the development of
larger islands, characterized by an height of 140 pm, typical of

single layer islands. However, a closer look at the surface
reveals the presence of small atomic-scale features, character-
ized by an apparent height of 40 pm, distributed on both the
substrate and the islands. This observation suggests that the
islands are mainly composed by Fe, while the bright spots are
alloyed Ni atoms.

The instability of the NiO/Fe(001) surface is confirmed by
the experiment displayed in Fig. 24. In this case a single layer
of Ni deposited on the oxygen-free Fe(001) is exposed to 10 L
of molecular oxygen, and annealed at 470 K for few minutes.
Fig. 24(a) shows the STM topography obtained after deposi-
tion of 1.1 ML of Ni on the Fe(001) substrate. Ni perfectly
wets the Fe(001) surface, and few islands belonging to the
second layer are visible. Fig. 24(b) displays the STM
topography obtained after oxygen exposure and post annealing
at 470 K. The wetting layer breaks in bi-layer islands covering
approximately half of the surface, as in the case of Ni
deposited directly onto the oxygen pre-covered surface.

Notice that the occurrence of bi-layer islands has been
seldom reported in metal heteroepitaxy. When observed it was
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Fig. 27. Comparison of Cr nucleation on Fe(001) [panels (a) and (c)] and on Fe(001)-p(1 x 1)O [panels (c) and (d)]. The substrate temperature during Cr deposition
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associated to the strain induced by the lattice mismatch.
However, for Ni/Fe(001)-p(1 x 1)O, strain does not seem to
be the driving force for the nucleation of 2 ML-thick islands.
The amount of oxygen present on the Fe(001)-p(1 x 1)O
surface is exactly what is needed to form a single layer of
NiO. By allowing for a 45° rotation of the NiO fcc lattice with
respect to the Fe bcc one, the misfit at the NiO(001)/Fe(001)
interface is only 3%. Theoretical calculations predict for the
single layer of NiO an even better matching with the Fe unit
cell (Ni-Ni separation in NiO single layer is close to 2.8 A
[258]. In this respect, the interface chemistry seems to play a
fundamental role for the instability of a single layer of NiO on
top of Fe(001).

Although the oxygen preloaded on the substrate does not allow
for the stabilization of a single layer NiO, at higher coverages,
when the Ni film completely covers the substrate, AES, STM, and
STS data suggest that a single layer of a ternary oxide NiFe,O is
formed at the surface. Fig. 25 displays the STM, STS and AES
data acquired on a 5 ML-thick Ni film grown on Fe(001)-p(1 x 1)
O. AES spectra in the high kinetic energy region (not shown, see
[257]) reveal that oxygen floats on top of the Ni film grown on the
Fe(001)-p(1 x 1)O substrate. Atomically resolved STM images,
such as that displayed in Fig. 25(a), reveal the presence of a
(+/5 x +/5)R27° reconstruction, indicating that the overlayer is not
formed by a single layer of NiO. In the low kinetic energy AES
spectra of Fig. 25(c) the small shoulder characteristic of O-bound



Fe atoms is clearly visible (see Section 4.1), suggesting that the
surface layer can be regarded as a NiJFe,O single layer. This
interpretation is also supported by the presence of a strong peak in
STS spectra detected at about 0.25 eV below Eg, very similar to
the resonance observed in spectra acquired on invar alloys [259]."

4.3. Growth of metallic buffer layers on Fe(001) and Fe(001)-
p(l x 1)O

From the discussion in the previous section, it is clear that
exploiting the oxygen preloaded on the substrate prior to metal
deposition could be a useful strategy to obtain a sharp interface
between a metallic and an oxidic layer only if the goal is to
obtain ultra-thin oxide films in the single-layer range. In order
to control the chemical, structural and electronic interactions
occurring at O/Fe interfaces for thicker films, a suitable
strategy could consist in the insertion of a buffer layer. Here,
in particular, we discuss the growth of metallic ultra-thin buffer
layers on the Fe(001) surface. A suitable metallic buffer layer
should possess specific characteristics, such as a good substrate
wettability and a smooth surface (in other words, the growth
should be layer-by-layer). The first requirement is mandatory
since the presence of voids in the buffer layer would allow a
direct contact between the oxidizing agent and the substrate,
while the second is important since the surface roughness is
likely to increase during the oxide deposition, preventing the
stabilization of long-range-ordered epitaxial structures.

In this framework, understanding the atomistic mechanisms
governing epitaxial growth is crucial to obtain a suitable
metallic buffer layer. The thermodynamics description of
epitaxy classifies the growth mode in terms of interface and
surface free energies (see Section 2.2.2). However, such a
description does not take into account the fact that the epitaxial
growth is frequently performed in far-from-equilibrium condi-
tions. Atoms impinging on the substrate diffuse over the
surface, encountering energy barriers during their motion.
The final film morphology is often determined by these kinetic
constraints, especially if the substrate is kept at low tempera-
tures (room temperature or below) during the growth of the
film [260-263].

In this context, an important role is played by surfactant-
assisted growth. A surfactant is a small amount of foreign
atoms that, being adsorbed on the surface before film deposi-
tion, floats on top of the growing film and contributes to
determining its morphology. Surfactants often switch the film
growth mode from three-dimensional to two-dimensional.
From the point of view of thermodynamics, surfactants change
the surface and interface energy balance [264], while in the
kinetic picture the surfactants action has been explained in
terms of their influence on the diffusion rate of adatoms [265—
267]. In this case, the growth mode is driven by the ratio
between the intralayer and interlayer mass transport rates

In ref. [257] the (v/3 x +/3)R27° reconstruction observed on 5 ML
Ni/Fe(001)-p(1 x 1)O was tentatively related to the presence of Ni vacancies.
However, the new AES data reported here suggest that the dark spots observed
in STM images arise from a chemical contrast between Fe and Ni atoms.

[265]. The former is related to the diffusion of atomic species
over atomically flat terraces, while the latter expresses the rate
at which atoms can overcome a step edge and reach either the
lower or higher layer. Generally, the energy barrier at the step
edge is higher than that on flat surfaces, since adatoms crossing
the step edges are required to pass through low-coordination
sites. If interlayer mass transport is much less efficient than
intralayer mass transport, deposited atoms are likely to be
trapped on top of already nucleated islands, favoring the
nucleation of a new layer before lower one is completed. This
typically leads to the development of a three-dimensional
morphology. The presence of a surfactant overlayer can
promote layer-by-layer growth by either decreasing the intra-
layer rate or increasing the interlayer mass transport.

This kinetic description is certainly the most appropriate one
for surfactant-assisted homoepitaxial growth, since the substrate
and the deposit possess the same surface free energy. In the case
of Fe/Fe(001) homoepitaxy, it has been found that Fe films
deposited on the oxygen-free Fe(001) substrate are characterized
by a surface roughness which increases with coverage [268],
while the growth on the oxygen-passivated surface is nearly
layer-by-layer [269,270,223]. STM images displayed in
Fig. 26(a) and (b) reveal that a sub-monolayer amount of Fe
deposited on either Fe(001) or Fe(001)-p(1 x 1)O features the
same morphology. In both cases, single-layer islands nucleate,
distributed over the surface with basically the same island
density, 0.18nm~? and 0.16nm~% on Fe(001) and
Fe(001)-p(1 x 1)O, respectively [223]. Conversely, at higher
coverages the surface morphology is quite different. For
instance, for 3.5 ML of iron deposited on Fe(001) four layers
are exposed [Fig. 26(c) and (e)], whereas, for the same cover-
age, iron films grown on Fe(001)-p(1 x 1)O expose only two
layers [Fig. 26(d) and (f)]. Oxygen floats on top of the growing
Fe film and promotes the development of a smooth surface.
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Fig. 29. (a) STM topographic image of a 5.4 ML-thick Co film grown on the oxygen-free Fe(001) surface. (b) STM topographic image of a 5.4 ML-thick Co film
grown on the oxygen-passivated Fe(001)-p(1 x 1)O surface. (c and d) Co island density as a function of the total coverage for Co films grown on (c) oxygen-free
Fe(001) and on (d) Fe(001)-p(1 x 1)O, respectively. The local maxima (hollow red dots) correspond to the saturation island density for a given layer. Reprinted with
permission from Ref. [273]. Copyright (2015) by the American Physical Society. (For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this paper.)

In order to understand the surfactant action of oxygen we
recall that, according to the classical nucleation theory [260],
the island density is directly related to the atomic diffusion rate
over the surface (intra-layer mass transport). Generally, the
nucleation of large islands distributed with a low density over
the surface indicates a high diffusion rate of atomic species,
while the nucleation of a high density of small islands is
observed in the case of low diffusion rates. Since the islands
density is nearly the same for sub-monolayer deposition on
both the oxygen-free and oxygen-passivated surface, the
oxygen surfactant action in Fe homoepitaxy can be understood
as a consequence of an oxygen-induced lowering of the energy
barrier for interlayer mass transport [223]. Notice that the
invariance of island density on the oxygen-free and oxygen-
passivated surfaces represents a far-from-trivial observation,

since the presence of surfactant atoms has been found to have a
direct impact on the intralayer mass transport in a considerable
number of cases, typically by enhancing the nucleation rate
[271,272,265,273].

The oxygen surfactant action is found to be effective also for
the growth of heteroepitaxial films, as demonstrated for
instance in the case of oxygen-assisted growth of Mn on Fe
[274], Fe, Co and Ni on Cu [275-277]. Fig. 27 shows an
example of oxygen-assisted heteroepitaxial growth of Cr films
deposited on the Fe(001) surface [278]. Similar to the case of
Fe/Fe(001) homoepitaxy, the density of Cr islands nucleating
during the early stages of growth on the Fe(001) [Fig. 27(a)]
and Fe(001)-p(1 x 1)O [Fig. 27(b)] surfaces is about the
same, suggesting a negligible effect of the oxygen overlayer
on the intralayer mass transport of Cr atoms. At higher
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Fig. 30. STM topography after deposition of (a) 0.85 or (c) 1.35 ML of Ni on Fe(001)-p(1 x 1)O, and (b) 0.85 or (d) 1.35 ML of Ni on Fe(001). (e) Layer
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the third layer by blue squares. Full (open) symbols are used for Ni growth on the Fe(001)-p(1 x 1)O [Fe(001)] surface. The trend of both an ideal layer-by-layer
growth (full lines) and an ideal two layers-by-two layers growth (dashed line) are also reported for comparison. Dotted lines: guide for the eye. Reprinted with
permission from Ref. [257]. Copyright (2012) by the American Physical Society. (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)

coverages, the oxygen overlayer, floating on top of the Cr film, Another example of the influence that a ultra-thin surfactant
promotes the development of a two-dimensional morphology oxide layer can have on the morphology of heteroepitaxial
[see Fig. 27(d)], while Cr deposited on the Fe(001) surface growth of thin metal layer is provided by the different morphol-
develops a rough surface [see Fig. 27(c)]. ogies exhibited by Co films grown on either the oxygen-free Fe
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The intensity measured on the Fe(001)-p(1 x 1)O surface (single layer of
oxygen) is indicated by the horizontal dashed red line. Reprinted with
permission from Ref. [279]. Copyright (2014) by Elsevier. (For interpretation
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(001) and the oxygen-saturated Fe(001)-p(1 x 1)O surface. In the
latter case, AES spectroscopy confirms that O atoms keep floating
on the Co film surface during deposition [273]. Constant-current

STM images reveal that the Co growth on the oxygen-free
surface proceeds in a layer-by-layer mode up to about 9 ML [see
Fig. 28(a)], after which such a growth mode is destabilized by
plastic deformations induced by the relaxation of the strain
accumulated in the film [153]. Conversely, when Co is deposited
on the Fe(001)-p(1 x 1)O, a wetting layer is completed only after
a coverage of 2 ML, then a nearly perfect layer-by-layer growth is
initiated. This proceeds much further with respect to the former
case, extending at least up to 17 ML [see Fig. 28(b)].

Further hints about the role of the oxygen overlayer in
determining the structural properties of Co/Fe(001) or
Co/Fe-p(1 x 1)O are provided by the analysis of the island
density as a function of coverage [see Fig. 29]. A Co atom
landing on the substrate diffuses over the surface, until it
encounters another diffusing atom and forms a dimer that
anchors to the substrate, nucleating an island. At higher
coverages, the number of nucleated islands per unit area
increases up to a critical value. Further deposition of material
induces the growth of already present islands, which start
merging together. In this way, the density of islands on the
layer reaches a maximum (known as “saturation island
density”), until a complete wetting layer covers the substrate.
The same scenario then repeats for the subsequent layers. In
the case of deposition onto oxygen-free Fe(001), the saturation
island density drastically decreases, by almost two orders of
magnitude, for increasing Co coverages. Conversely, when Co
is evaporated onto Fe(001)-p(1 x 1)O, the saturation island
density is not affected by the Co film thickness across the 0—17
ML coverage range.

DFT calculations suggest that the remarkable decrease of the
saturation island density on a Co/Fe(001) film is due to an
enhancement of atomic diffusion driven by the increasing
capability of the film to accommodate large deformations as
the thickness approaches the limit at which a structural
transition occurs [153]. In the case of Co/Fe(001)-p(1 x 1)0O,
the presence of the oxide overlayer completely change the
diffusion mechanisms of Co adatoms, leading to a thickness-
independent diffusion coefficient [273].

An interesting case in which the oxygen overlayer changes
the growth mode in the opposite direction, i.e. inducing a
three-dimensional morphology when the growth on the oxygen
free-surface proceeds in the layer-by-layer mode, has been
found in the early stages of Ni growth on Fe(001)-p(1 x 1)O
[257]. As already discussed in Section 4.2, the Ni growth on
the oxygen-passivated surface starts by the nucleation of bi-
layer islands, while single layer islands nucleate over the
oxygen-free surface. Fig. 30 focuses on thicker Ni films than
those shown in Fig. 24, deposited on either Fe(001)-p(1 x 1)O
[panels (a) and (c)] or Fe(001) [panels (b) and (d)]. The layer
completion graph, displayed in Fig. 30(e), shows that, when Ni
is deposited on Fe(001)-p(1 x 1)O, the third layer develops
well-before the completion of the first two, resulting in a three-
dimensional growth. On the other hand, a nearly perfect layer-



Fig. 32. STM topography of (a) the pristine 4 ML Ni/Fe(001) surface; (b) the same film after exposure to 10 L of O, and annealing at 473 K; (c) the sample of
panel (b) dosed with 150 L of O, and annealed at 473 K; (d) the sample of panel (c) annealed at 573 K in UHV conditions. Reprinted with permission from

Ref. [279]. Copyright (2014) by Elsevier.

by-layer growth is observed in the case of Ni deposited on the
oxygen-free surface.

4.4. Oxidation of metallic buffer layers on Fe(001)

In this section we discuss the effects of oxygen-exposure on
metallic buffer layers deposited on Fe(001). Important phe-
nomena that need to be accounted for to understand these
heterostructures include oxygen-induced segregation of atomic
species from the substrate to the surface, surface roughening,
and interfacial intermixing. In particular, the possibility of
stabilizing an oxide by post-deposition oxidation of a metal on
Fe(001) is an issue that bears many points in common with the
wetting behavior of ultra-thin oxides on Fe(001) (see
Section 4.2). For instance, while a sharp NiO/Fe(001) interface
cannot be obtained by either post-oxidation of an Ni films
deposited on Fe(001) or by exploiting the preloaded oxygen on
Fe(001)-p(1 x 1)O, chemically stable Cr ultra-thin oxides on
Fe(001) can be obtained by following both strategies
[279,280].

A Ni buffer layer grown on the Fe(001) surface is not effective
in protecting the substrate from oxidation, since oxygen exposure
induces the segregation of Fe atoms towards the surface, where
their oxidation takes place. Fig. 31 reports the evolution of AES
spectra acquired on 4 ML Ni/Fe(001) treated with cycles of room
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Fig. 33. (a) LEED pattern (primary energy=100eV) of the Ni/Fe sample
dosed with 150 L of oxygen and annealed at 573 K. Two orthogonal rotational
quasi-hexagonal domains are visible. The reciprocal unit cells are drawn in red
(solid line) and blue (dashed line). A blow-up of one of the spots is reported in
the inset, where the contrast has been artificially enhanced to increase the
visibility of the mutually orthogonal elongation and spot splitting. The relevant
parameters extracted from the pattern to obtain the real-space atomic unit cell
(main panel) and the supercell periodicity (inset) are indicated. (b) Real space
model atomic Bravais lattice for the quasi-hexagonal overlayer as obtained
from the LEED pattern in (a). The numerical values of the parameters are also
reported. Reprinted with permission from Ref. [279]. Copyright (2014) by
Elsevier. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)



temperature oxygen exposure and annealing in UHV. The freshly
deposited ultra-thin Ni films are exposed to an increasing dose of
molecular oxygen at room-temperature [oxygen partial pressure
during the oxidation from 10~ mbar for the lowest exposure and
10~ 7 mbar for the highest one (150 L)], and subsequently annealed
in UHV at 473 K for 5 min. Before the oxidation treatment, the
low-energy AES spectrum [Fig. 31(a)] of the as-grown sample is
characterized by the presence of two main peaks located at 47 eV
and 61 eV, related to metallic Fe and Ni, respectively. Upon a 10 L
oxygen exposure, a shoulder appears at lower kinetic energy with
respect to the metallic Fe peak. Such a shoulder is analogous to the
one present on the Fe(001)-p(1 x 1)O surface (see Section 4.1),
suggesting the formation of O-Fe bonds. Increasing the oxygen
exposure up to 60 L clearly enhances the intensity of the peaks
associated with O-bound Fe atoms, while the Ni peak almost
disappears. Further increase of the oxygen exposure up to 150 L
and the final annealing at 573 K in UHV do not significantly
change the shape and the intensity of the measured peaks. In the
high kinetic energy region [Fig. 31(b)], in which the mean free
path of electrons is longer, i.e. AES spectra are less surface
sensitive, it is possible to notice that the Ni peak intensity does not
vanish, indicating that some Ni is present underneath the Fe
oxide film.

STM topographies corresponding to each oxidation step are
displayed in Fig. 32. Before oxidation, Ni films display an
atomically smooth surface [Fig. 32(a)], with mainly two layers
exposed, as expected for a layer-by-layer growth. Upon exposure
to 10 L of molecular oxygen, the surface retains a flat
morphology [Fig. 32(b)]. Thanks to the oxygen-induced increase
of the atomic corrugation, atomic resolution is achieved, showing
a lattice with square symmetry and in-plane periodicity equal to
that of the Fe(001)-p(1 x 1)O surface (2.87 A). However, based
on AES spectra, this surface atomic layer is expected to be Fe
oxide. Increasing the oxygen exposure to 60 L promotes surface
roughening [Fig. 32(c)]. Annealing the sample at 573 K in UHV
conditions induces the development of large atomically flat
terraces, visible in Fig. 32(d). Moreover, the atomically resolved
image displayed in the inset of Fig. 32(d) reveals that the unit cell
switches from the square symmetry characterizing the early
stages of oxidation to the hexagonal one.

Such hexagonal arrangement of surface atoms is also visible
in the LEED pattern of Fig. 33(a), revealing the presence of
two orthogonal domains, aligned along the main crystal-
lographic directions of the Fe(001) surface. The analysis of
the LEED pattern provides the structural model of Fig. 33(b).
The direct-space basis vectors are about 3.06 A and 3.22 A
long, rotated by an angle of (61.5 +0.1)°. Being the nearest-
neighbor spacing between atoms in the FeO(111) surface equal
t0 apeo=3.04 A [281], this analysis suggests that the overlayer
consists of a FeO(111) distorted film.

The film surface appears to be modulated, as revealed by the
splitting of the LEED diffraction spots as well as by STM images
reported in Fig. 34. Two mutually orthogonal modulations are
visible, the first one largely variable from about 7 to 15 nm [see

8.22 nm
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d r—>2 36 m | —- ’<—0.309 nm
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Fig. 34. 4 ML Ni/Fe(001) surface dosed with 150 L of oxygen and heated at
573 K. (a) Large scale STM topography (/=1 nA, V=1 V) showing several
rotational domains characterized by the mutually orthogonal surface undulations.
(b) Topographic profile acquired along the dashed white line in (a). The peak-to-
peak distance between the maxima of the longer modulation visible in (a) is
indicated. (c) Atomically resolved STM topography (/=5 nA, V=0.1 V) of one
of the rotational domains, showing the detail of the short-period modulation. The
distorted hexagonal atomic unit cell is indicated in red on the right. (d) Height
profile along the dashed white line in (c). The modulation periodicity (L) and the
a;-unit vector length are indicated (refer to Fig. 33 for the notation). (e) Result of
the superposition of the distorted hexagonal lattice (green; unit vectors and relative
orientation as measured from the LEED pattern in Fig. 33) and a square lattice
(violet) with the same spatial periodicity of Fe(001). The short-period modulation
results from the quasi-coincidence of the two lattices along the a; direction.
Reprinted with permission from Ref. [279]. Copyright (2014) by Elsevier. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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(d) pristine Ni/Fe(001), (c) 150 L and (b) 150 L + annealing at 473 K. Reprinted with permission from Ref. [279]. Copyright (2014) by Elsevier.

Fig. 34(a) and (b)] and a second one with a shorter period of
2.36 nm [see Fig. 34(c) and (d)]. These two mesoscopic-range
periodic modulations arise from the superposition of the surface
hexagonal lattice with the square lattice of the Fe(001) surface,
resulting in the quasi-coincidence superlattice displayed in
Fig. 34(e).

The oxygen-induced Fe segregation is observed also when
oxygen is dosed on the Ni/Fe(001) sample without any inter-
mediate annealing step. Fig. 35 displays the AES spectra [panel
(a)] and the STM morphology [panel (b)] resulting from the

oxidation of a 5 ML Ni/Fe(001) sample, where the annealing step
was performed only on the sample dosed with the highest amount
of oxygen (150 L). The Fe oxide peak appears after oxygen
exposure, being more pronounced for spectra acquired at grazing
incidence [dashed spectra in Fig. 35(a)], an observation suggest-
ing that Fe oxidation takes place in the surface region. The final
annealing step increases the amount of the superficial Fe oxide, in
line with previous works [42].

STM topography acquired on the 5 ML Ni/Fe(001) system
before oxygen exposure [Fig. 35(d)] reveals that the film
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Copyright (2014) by IOP Publishing.

morphology is slightly rougher with respect to the 4 ML Ni/Fe
(001) sample. The roughness keeps increasing upon oxygen
exposure at room temperature, as visible in the STM image
acquired after dosing the sample with 150 L of O, [Fig. 35(b)].
Interestingly, the final annealing step again drives the devel-
opment of the modulated FeO(111) film [Fig. 35(c)], suggest-
ing that this phase is particularly stable, irrespective of the
preparation procedure.

Further insights in the Ni/Fe(001) oxidation mechanisms come
from XPS and UPS [280]. In this case the oxidation is performed
by exposing a 3 ML Ni/Fe(001) sample to O,. Fig. 36 displays
the XPS spectra acquired in the Fe 2p and Ni 2p regions. The
analysis of the evolution of the Fe 2p and Ni 2p lineshapes upon
room-temperature oxidation of Ni/Fe(001) confirms the devel-
opment of Fe oxides on the surface layer, but also reveals the
presence on Ni>™ ions (see spectra B of Fig. 36). Spectra C of
Fig. 36, acquired after annealing the film in UHV, reveal that the
thermal treatment completely reduces the Ni ions, increasing the
amount of oxidized Fe. The evolution of the lineshape in UPS
spectra upon oxidation is shown in Fig. 37. It is possible to
notice that the UPS spectra acquired after the oxidation of the
Ni/Fe(001) sample significantly differ from those of a NiO/Au
reference sample [282], confirming that the Ni oxidation is
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Fig. 37. UPS valence band of 3 ML Ni/Fe(001). Starting from the top: spectra
acquired on the as-grown sample, on the oxidized surface at increasing oxygen
dose and after an annealing in UHV at 300°C. Features at about 0.3 eV (a),
0.8eV (b), 2.7¢eV (c), 49eV (d) and 6.0eV (e) are highlighted in the last
spectrum. The spectrum acquired on the NiO reference sample is shown with a
dashed line. Adapted with permission from Ref. [280]. Copyright (2014) by
IOP Publishing.

negligible. Furthermore, the spectral features a—e visible after
UHV annealing strongly resemble those observed in photoemis-
sion from the (111) face of FeO [283,284].

The presented results point towards the impossibility of
obtaining an atomically sharp NiO/Fe(001) interface. This
conclusion can be rationalized from the one hand by consider-
ing the competition for oxidation between the Ni film and the
more oxidizable Fe(001) substrate (see Table 1), on the other
hand with the general oxidation reluctance of Ni films
supported by a metallic substrate [285].

The observation of a non-reconstructed FeO(111) surface on
top of the Ni/Fe(001) square substrate deserves some further
discussion for two reasons. In the first place, because of the
quasi-hexagonal symmetry of the bee (110) surface, FeO(111)-
like films generally form upon oxidation of the Fe(011) surface
[286,287] or by reactive growth of Fe oxide on Fe(011) [288].
Conversely, the formation of the FeO(111) film on the Ni/Fe
(001) substrate results in a symmetry-mismatched interface
between the hexagonal oxide layer and the square substrate
lattice. Generally, the stabilization of (111)-oriented rocksalt
oxides on square substrates is associated with a large mismatch
between the oxide overlayer and the substrate, as in the case of
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MnO on Rh(100) [289] or CoO on Ir(001) [290]. In addition,
the (111) surfaces of bulk rocksalt oxides are unstable because
of the development of a dipole moment perpendicular to the
surface,” due to the alternation of atomic planes formed by
oppositely charged ions [293,294]. These two circumstances
would conspire to rather induce the preferential stabilization of
a FeO(001) surface, which is charge-compensated and

21t should be mentioned that only the (111) bulk termination of rocksalt
oxides is rigorously unstable, while in the two-dimensional limit additional
charge- and polarity-compensation mechanisms become operative, see for
instance [291,292].

possesses a small lattice mismatch with respect to Fe(001).
Further theoretical insights is therefore needed to rationalize
the mechanisms driving the stabilization of the observed FeO
(111)-like film.

A completely different oxidation path is observed in the case
of Fe(001)-supported Cr ultra-thin films [279,280]. In this case
Fe segregation and oxidation is not observed during the early
stages of oxygen exposure. Auger spectra acquired after
oxidation and post-annealing treatments on 4 ML Cr/Fe(001)
samples are displayed in Fig. 38, where panels (a) and (b) refer
to the low and high kinetic energy regions, respectively. In the
oxygen-free sample, the peaks arising from metallic Fe (47 eV)
and metallic Cr (36 eV) are visible [see Fig. 38(a)]. After
exposure to 10 L of O, and post-annealing treatment, the
feature associated to metallic Cr is no longer visible, sub-
stituted by a peak at 31 eV, related to the presence of Cr oxide.
Importantly, no features related to Fe oxide are present at this
stage. Upon increasing the oxygen dose up to 150 L, the
characteristic shoulder of O-bound Fe appears in the spectrum.
UHV annealing at increasing temperatures leads to the
dissolution of the Cr oxide film, as visible in the upper spectra
of Fig. 38(a) and (b). Notice that the oxygen uptake for the
Cr/Fe(001) system, displayed in Fig. 38(c), is steeper than that
observed in the case of Ni/Fe(001) oxidation [see Fig. 31(c)].

Despite Cr oxide overlayers can be stabilized on top of
Fe(001), the resulting morphology is particularly rough,
making their investigation at the atomic scale difficult. The
acquired STM topography reveals that the surface roughness
increases after the oxidation step [see Fig. 39(b) and (c) for
10 L and 150 L of oxygen exposure, respectively]. Annealing
treatments up to 673 K do not significantly affect the sample
morphology. On the other hand, annealing in UHV at 773 K
induces the formation of holes in the Cr oxide film
[Fig. 39(d)]. The STS data of Fig. 39(e) show that a conductivity
gap is present on the remaining film, while the electronic structure
of the holes is different and strongly resembles the one character-
istic of Fe(001)-p(1 x 1)O (see Section 4.1).

The chemical stability of the Cr oxide/Fe(001) interface is
confirmed also by XPS. In this case, 3 ML-thick Cr films
were grown using the Fe(001)-p(1 x 1)O surface as a
substrate, i.e. the sample before oxidation (to which spectra
A in Fig. 40 refer) already has a single layer of oxygen on
top [278]. A room-temperature oxidation (spectra B of
Fig. 40) partially oxidizes the Cr film, leaving however
the Fe(001) substrate in a metallic state. The interface is
stable even after annealing at 300 °C in UHV, as demon-
strated by spectra C of Fig. 40, where the Fe 2p peaks do not
present any feature related to Fe oxide species. On the other
hand, the contribution from the metallic Cr layer is slightly
attenuated, likely because of a partial interdiffusion of Cr
atoms into the Fe(001) substrate bulk occurring after the
annealing treatments. In order to completely convert the Cr
film into Cr oxide, the oxidation must be performed at high
temperatures. Spectra D of Fig. 40, acquired after further
exposure to 10 L of O, at 300 °C, reveal that the Cr film is
completely oxidized. The Fe 2p lineshape displays a
component characteristic of Fe*™ species, indicating
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Fe(001) substrate oxidation. However, at variance with the  film, suggesting the feasibility of obtaining a sharp
Ni/Fe(001) system, for the Cr/Fe(001)-p(1 x 1)O sample Fe Cr-oxide/Fe(001) interface by a proper choice of tempera-
oxidation starts only after the complete oxidation of the Cr  ture and oxygen dosing.



LA B B R R B LA LR B S LR R B R LR R

Cr2p

hv=1486.6 eV Fe 2p

Intensity (arb.units)

D) +10L O, at 300 °C,

T spectra A |
' |1 — difference spectra

PRI NS S SR SN SN U S TS S U Y

PRRPIN (S S S S S S S R

600 590 580 570 730 720 710
Binding energy (eV)

PR

Fig. 40. XPS scans of the Fe 2p and Cr 2p regions of 3 ML Cr/Fe(001)-p(1 x 1)
0. (A) As grown, (B) dosed with 160 L of O, at room temperature, (C) annealed
at 573 K for 90 min in UHV and (D) exposed to 10 L of O, at 573 K. Continuous
lines are difference spectra obtained by subtracting the A spectra (dashed lines in
spectra from B to C) from the experimental data. Reprinted with permission from
Ref. [280]. Copyright (2014) by IOP Publishing.

5. Conclusions

The presented experimental results reveal, on one hand, the
extreme complexity of the metal-oxide interfaces, and on the
other hand, the dramatic effects that even moderate composi-
tional modifications of the interface can induce on the overall
structural, electronic and magnetic properties of such hetero-
structures. The possibility to tune the properties of a material
relies to a large extent on the experimental ability to control the
structure and chemistry of the metal-oxide interface at the
atomic level. Model systems as those presented here are
fundamental for the rationalization of the processes occurring
in layered O/M and M/O systems and allow for a direct
correlation between their properties and interface composition.
Such an approach has been and still is extensively applied on
oxide ultra-thin films supported by inert metals, but can be also
extended to investigate oxide films supported on highly
reactive substrates, despite the additional experimental draw-
backs encountered in the stabilization of well-ordered struc-
tures. In this respect, we have provided a survey of the
information that can be obtained about the complex mechan-
isms driving the interface formation between a reactive metal
and an oxide, with particular attention dedicated to the

prototypical case of ultra-thin oxides grown of Fe(001). We
are confident that, thanks to the extreme importance of metal—
oxide interfaces, their investigation will still be in the focus of
fundamental research for the next years, providing important
insights for future technological applications.
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