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Abstract. Cation mixing is a well-recognized mean to obtain oxides of desired
functionality with predetermined structure and stoichiometry, which yet has
been only little analyzed at the nanoscale. In this context, we present a
comparative analysis of the stability and mixing properties of O-poor and O-
rich two-dimensional V-Fe oxides grown on Pt(111) and Ru(0001) surfaces, with
the aim of gaining an insight into the role of substrate and oxygen conditions on
the accessible Fe contents. We find that due to the high oxygen affinity of the
Ru substrate, the mixed O-rich layers are highly stable while the stability of O-
poor layers is limited to inaccessibly oxygen-poor environments. In contrast, on
the Pt surface, O-poor and O-rich layers coexist with, however, a much lower Fe
content in the O-rich phase. We show that cationic mixing (formation of mixed
V-Fe pairs) is favored in all considered systems. It results from local cation-cation
interactions, reinforced by a site effect in O-rich layers on the Ru substrate. In
O-rich layers on Pt, Fe-Fe repulsion is so large that it precludes the possibility
of substantial Fe content. These findings highlight the subtle interplay between
structural effects, oxygen chemical potential, and substrate characteristics (work
function and affinity towards oxygen), which governs the mixing of complex 2D
oxide phases on metallic substrates.
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1. Introduction

The exceptional versatility of oxide compositions,
structures and properties is nowadays increasingly
recognized in many modern technologies. Oxide
materials are present in microelectronic devices, as
transparent layers in optical coatings and solar
energy harvesting devices, as protective layers against
corrosion of metals, and as efficient catalysts in many
important chemical reactions [1, 2, 3, 4].

Changing oxygen thermodynamic conditions dur-
ing synthesis is a robust lever to obtain oxides of prede-
termined characteristics, a key requirement for an effi-
cient fabrication of nanoscale materials [5, 6, 7]. A par-
ticularly large range of structures and stoichiometries
has been observed in various two-dimensional (2D) ox-
ide nanolayers obtained under different oxygen par-
tial pressures and/or annealing temperatures during
their deposition on metal substrates or during oxi-
dizing the substrate itself. Illustrative examples are
AlOx monolayers (MLs) formed on NiAl or FeAl al-
loys [8, 9], CuOx on Cu(111) [10], or Au(111) [11],
MnOx formed on Pd(100) [12], VOx MLs on Rh(111)
[13], TiOx MLs on Pt(111) [14], FeOx MLs on Pt(111)
[15, 16], Pd(111) [17] and Ag(100) [18] or CoOx MLs
on Pt(111) [19]. Among the numerous synthesized
phases, many have no bulk equivalents and display spe-
cific crystalline structures, which paves the way to the
fabrication of completely new materials with tailored
electronic, magnetic, optical, or chemical properties.
Moreover, film properties can be further tuned by the
choice of the metal support with which electron trans-
fers and chemical interactions may take place.

Structural and compositional flexibility of oxide
films can be significantly extended by combining
different cations, a strategy extensively developed in
mixed bulk oxides, such as ordered perovskites, spinels,
etc, or disordered solid solutions [20, 21, 22]. Studies
of well-characterized mixed 2D oxide layers are much
scarcer. Recent examples include thin oxide films
based on the intermixing of Si-Al [23], Si-Li [24], Ti-
Ba [25, 26, 27], Mo-Ca [28], Ni-W [29], and Co-Fe
[30], among others. In recent density function theory
(DFT) works, we have studied mixing properties in
model 2D mixed oxide honeycomb (HC) MLs, whether
free-standing [31] or supported on metal substrates
[32, 33]. We have evidenced how they vary as a function
of the band off-sets between the various components
(oxide parents and/or substrate) via changes of the

cation oxidation states and we have stressed the key
role of the film low dimensionality. Furthermore,
since cation distribution in such systems may be
determined using surface science tools such as high-
resolution scanning tunneling microscopy (STM), in
the case of 2D mixed V-Fe oxide layers on Pt(111)
[34] and Ru(0001) [35] substrates, we have successfully
synthesized and finely characterized ultra-thin films
with different proportions of the two cations.

The present work is devoted to a comparative
analysis of the stability and mixing characteristics
of O-poor and O-rich mixed V-Fe oxide ultra-thin
films which have been observed on the Pt(111)
and Ru(0001) surfaces. We demonstrate that their
properties result from a subtle interplay between
structural effects, oxygen chemical potential, and
substrate characteristics (work function and affinity
towards oxygen).

The manuscript is organized in the following way.
After a description of experimental and theoretical
methods in Section 2, experimental results on the
mixed layers are summarized (Section 3). Theoretical
results are reported in Section 4, and discussed in
Section 5, before concluding (Section 6).

2. Experimental and theoretical methods

The experiments have been performed in an ultrahigh
vacuum chamber (p ≈ 2× 10−10 mbar base pressure),
enclosing a liquid-nitrogen cooled STM, a low-energy
electron diffraction (LEED) setup as well as standard
tools for sample cleaning and thin film preparation.
All STM data were acquired in the constant current
mode with electrochemically etched Au tips. The
mixed oxide layers were grown on two single crystalline
surfaces, Pt(111) and Ru(0001), cleaned by cycles
of Ar+ sputtering and annealing. The actual
film preparation comprised three steps: (i) vacuum
deposition of 0.05 to 0.3 ML Fe, (ii) 0.3 ML V
deposition in 1 × 10−6 mbar oxygen ambience, (iii)
film crystallization at 600 K either in 2 × 10−10

(UHV) or in 1 × 10−6 mbar O2 (O-rich conditions)
to fabricate films with different oxygen content. A
first check of the integral film quality was realized
by LEED, whereby a sharp (2×2) superstructure
pattern evolved after formation of well-ordered oxide
honeycomb films on both substrates (see Supporting
Information, section S1). Note that excessively O-rich
or Fe-rich preparations could be readily identified at
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this stage due to their deviating LEED patterns.
DFT calculations were performed with the Vienna

Ab-initio Simulation Package (VASP) [36, 37] using the
Projector Augmented Wave (PAW) method [38, 39]
to represent the electron-core interaction and a 400
eV energy cut-off in the development of Kohn-Sham
orbitals on a plane-wave basis set. We have checked
that an increase of the cut-off to 500 eV does not bring
any noticeable modifications to the reported results.
A dispersion-corrected exchange-correlation functional
(optB88-vdW) [40, 41, 42] was employed, within the
DFT+U approach proposed by Dudarev at al. [43, 44]
As in our previous studies [31, 32, 45, 46], we have
used U values close to those reported in the literature:
UV = 1.7 eV and UFe = 3 eV. All calculations were
spin-polarized and the relative stability of simple non-
magnetic (NM) and magnetic solutions (with either
parallel (FM) or anti-parallel (AF) spin moments) was
systematically tested. Ionic charges were estimated
with the partition scheme proposed by Bader [47, 48]
and magnetic moments were obtained by integration of
the spin density within the Bader’s volumes. Atomic
configurations were plotted with VESTA [49].

We have considered pure and mixed (V1−cFec)2On

layers in either a (4×4)-Ru(0001) or a (2
√

3×2
√

3)-
Pt(111) surface unit cell at the experimental in-plane
bulk lattice parameter (2.705 Å and 2.765 Å, for Ru
and Pt, respectively). The oxygen content n was varied
between 3 and 7 and 0 ≤ c ≤ 0.5 is the Fe concentration
in the layers. The sampling of the Brillouin zones
was performed with the Γ-centered (2×2) and (3×3)
Monkhorst-Pack mesh [50], respectively. The metal
substrates were represented by slabs composed of four
atomic planes, the oxide layers were deposited on one
side of metal slabs, and dipole corrections were applied.
All atomic coordinates of anions, cations, and surface
metal atoms have been allowed to fully relax until
forces got lower than 0.01 eVÅ−1. Apart from the
bottom metal layer that was kept in its bulk position,
atoms in the subsurface metal layers were allowed to
relax only perpendicularly to the surface. We checked
that an addition of a fifth metal layer resulted in only
negligible corrections on the reported quantities.

All formation energies, Eform (per cation), were
calculated with respect to corundum Fe2O3 and rutile
VO2 which represent the two pure oxide bulk phases
stable in a wide range of oxygen conditions (-2.6 eV
< ∆µO < -1.1 eV), including those relevant for the
experiments (-1.6 eV < ∆µO < -1.1 eV), according to:

2Eform = E((V1−cFec)2On/Me)− E(Me)

−2(1− c)E(V O2)− cE(Fe2O3)

−(n− 4 + c)(
1

2
E(O2)−∆µO) (1)

Here E((V1−cFec)2On/Me), E(Me), E(V O2), E(Fe2O3),
and E(O2) refer to the energies of the supported film,

Figure 1. STM topographic images (5×5 nm2) of V-Fe mixed
oxide films post-annealed in UHV on (a) Pt(111) (UB = 1.4 V)
and (b) Ru(0001) (UB = 0.3 V) and at 1×10−6 mbar O2 on (c)
Pt(111) (UB = 0.3 V) and (d) Ru(0001) (UB = 0.5 V).

the metal substrate (Me = Pt, Ru), one formula unit of
bulk VO2 and Fe2O3, and an oxygen molecule, respec-
tively. The bulk VO2 and Fe2O3 energies approximate
well energies of either thick films or large clusters of the
two pure oxides which might form at the metal sub-
strates as an alternative to the observed mixed mono-
layers.

3. Experimental results

This section describes the main characteristics of the
mixed layers which have been synthesized under UHV
and O-rich oxygen conditions on Pt(111)and Ru(0001).
Large scale STM images of the layers on Pt(111) and
Ru(0001) are shown in the Supporting Information
(SI), Section S1, Fig. S1 and S2. In the following
we present and discuss high resolution STM images
of these layers. We will show that, while the change
of oxygen conditions has no impact on the oxide film
grown on Ru(0001), distinctly different layer structures
and compositions are observed on Pt(111).

More precisely, under UHV annealing conditions,
two characteristic mixed oxide configurations are
detected experimentally, one on Pt(111) and one on
Ru(0001). The Pt(111)-supported film crystallizes in
a simple honeycomb lattice in (2×2) registry with
respect to the metal [34]. Embedded Fe atoms in
the film are readily identified by their bias-dependent
contrast and distinct triangular shapes in atomically
resolved STM data (Fig. 1a). Whereas Fe appears
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with lower apparent height than V at negative and
small positive bias, it dominates the contrast above
+1.0 V sample bias. Responsible for this contrast
switch is the Fe 3dz2 orbital that carries a large portion
of the tunneling current at high bias. The STM
image in Fig. 1a was taken in this regime, so that
the Fe content of the (V1−cFec)2O3 honeycomb film
could be determined to c = 0.28 simply by counting
the bright, triangular features. By varying the Fe
exposure time, the concentration of embedded iron
could be changed between 0 < c < 0.5. At higher
Fe exposure, designated Fe-rich oxide phases emerge
on the surface, most prominently a FeO bilayer phase.
The topographic elevation of the mixed (V1−cFec)2O3

honeycomb film amounts to 1.5 Å above the Pt(111)
surface at 0.25 V, a value that shows only little bias
dependence.

Under the same preparation conditions, the mixed
oxide film on Ru(0001) also crystallizes in a honeycomb
lattice with (2×2) registry. In contrast to the Pt(111)
support, the honeycomb grows in hexagonal domains of
3-5 nm size, delimited by grain boundaries along which
the 6-cation honeycomb rings are replaced by sequences
of 5-, 8- and 9-membered rings. This boundary
network enables the film to compensate the lattice
mismatch with the Ru(0001) surface. Whereas the V-
Fe honeycomb lattice is readily detected in low-bias
STM measurements (Fig. 1b), the contrast converts
to a (2×2) pattern with every second cation showing
up at higher bias. This contrast difference between
bright and dark species is however unrelated to the
chemical identity of the cations, but governed by their
binding geometry on the Ru(0001) support. In fact,
no contrast signatures could be derived for V and
Fe species from bias-dependent STM images, which
renders their distinction difficult from experimental
data alone. Nonetheless, the film stoichiometry was
elucidated in combination with DFT calculations,
finding an almost equal distribution of V and Fe
cations [35]. Small deviations from the one-to-
one stoichiometry give rise to point defects in the
honeycomb lattice, either Fe → V substitutions or Fe
interstitials in the rings centers for Fe-poor and Fe-
rich compositions. Larger deviations from a balanced
V to Fe distribution immediately initiate a phase
separation, in which mixed V-Fe honeycomb patches
develop together with VOx and FeO binary phases for
V and Fe excess, respectively [51, 35]. Apart from
the effect of stoichiometry self-organization, also the
topographic height of mixed honeycomb oxides differs
distinctively on Pt(111) and Ru(0001) supports. In the
latter case, a height of 3.0 Å is measured independent
of bias voltage, almost twice the value of the Pt(111)-
grown film.

Switching to more O-rich conditions (annealing

Figure 2. STM topographic image of a V-Fe mixed oxide film
on Pt(111) prepared at O-rich conditions. While the character-
istic O-poor phase is detected on the left, the coexisting O-rich
phase is seen on the right part of the image (10×5 nm2, UB =
0.3 V).

at 1 × 10−6 mbar O2) hardly changes the appearance
of mixed oxide films on Ru(0001), as exemplified in
Fig. 1d. In fact, all structural and morphological
parameters are similar to the ones obtained under
UHV conditions, as shown in panel (b). More
precisely, the film height (3.0 Å), the periodicity of the
honeycomb lattice (5.4 Å) and the relaxation network
are indistinguishable for both preparations, suggesting
that identical mixed oxide configurations develop on
Ru(0001) in both regimes.

A completely different situation is encountered
for O-rich oxide preparations on Pt(111). Here, a
plethora of new oxide phases is observed, including
amorphous 2D oxide patches, stripes of variable width
running along Pt〈110〉 and hexagonal patterns of
different periodicity. In this work, we concentrate on
the most simple, hexagonal structure that mimics the
symmetry of the honeycomb lattice discussed before,
while the more complex mixed oxide films will be
subject of a forthcoming paper. A high-resolution
STM topography of the hexagonal V-Fe mixed oxide
prepared in O2 excess is depicted in Fig. 1c. The
new phase always coexists with the honeycomb film
discussed before (Fig. 2), suggesting similar formation
energies at the selected experimental conditions. The
O-rich film consists of ring-like features with 6 Å
diameter, similar to the honeycomb size, and 9.5 Å
periodicity. The latter corresponds to

√
3 times the

unit cell size of honeycomb films, in agreement with
a 30◦ rotation between the two structures. Moreover,
not all rings are fully identical and filled and empty
pores can be distinguished, probably due to the filling
of some rings by foreign atoms. As for the Ru-
supported layer, distinction between Fe and V atoms,
e.g. via bias-dependent topographic measurements,
turned out to be impossible. However, the fact
that this phase is not observed in the absence of Fe
points towards its mixed V-Fe character. The low-
bias topographic height of the O-rich mixed oxide on
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Figure 3. Formation energies of metal-supported mixed VFeOn

honeycomb films with various oxygen contents, n = 3 - 7, as a
function of oxygen chemical potential. Dashed lines indicate the
calculated stability limits of the bulk VO2 phase.

Pt(111) is measured to 2.5 Å , being ≈1 Å higher than
its O-poor counterpart.

4. Theoretical results

As a first step, we have estimated the relative stability
of metal-supported oxide films with a 6-cation ring
structure and a V/Fe cation ratio of 1:1 (c = 0.5).
More precisely, starting from the simplest mixed
VFeO3 HC film deposited on the two metal substrates,
we have constructed a series of VFeOn (n = 4 -
7) configurations by successive addition of oxygen.
Different configurations have been considered for each
stoichiometry, with O atoms added either on top of
the oxide film or at the oxide/metal interface. Various
offsets between the substrate, the interfacial oxygen
atoms, and the oxide layer have been tested. The most
stable structures for each stoichiometry are displayed
in Fig. S3 and S4 in the Supporting Information (SI,
section S2). Figure 3 depicts the relative stability
of these configurations for each oxygen content in a
range of oxygen chemical potentials largely exceeding
the experimental one.

Regarding the relative phase stability as a function
of the oxygen content, the dependence of Eform on
∆µO, according to Eq. 1, is driven by the sign of the
factor n − 4 + c which is negative for VFeO3 (n = 3)
and positive for all the other phases, whatever 0 <
c < 0.5. The consequence is that O-poor/O-rich layers
are destabilized/stabilized when the thermodynamic
conditions become more and more oxygen-rich, as
shown in Fig. 3 and as expected.

On both substrates only two phases, one O-poor
and one O-rich, are predicted to be thermodynamically
stable in a significantly large span of oxygen conditions.
On the Pt(111) surface, an O-poor VFeO3 phase is

the most stable for ∆µO < -1.3 eV, whereas an O-
rich VFeO5 one is favored for ∆µO > -1.3 eV. On the
Ru(0001) surface, a similar FeVO3 phase is favored for
∆µO < -2.7 eV, and a more oxygen-rich, VFeO6 one,
for ∆µO > -2.6 eV. The difference in the transition
point on the two substrates (extremely O-poor on
Ru and experimentally accessible on Pt) is consistent
with the experimental finding of the coexistence of
two phases on Pt, Fig. 2, whereas only the O-rich
phase has been observed on Ru [35]. The difference
can be traced back to a different stability of the O-
rich phases. Indeed, while the formation energies of
the two VFeO3 phases remain quite similar for both
substrates (0.0 - 0.4 eV/cation in the considered range
of ∆µO), those of the two O-rich phases differ by
roughly 2 eV. The formation energy of VFeO6/Ru is
systematically more negative than that of VFeO5/Pt,
thus shifting the transition point towards extremely O-
poor conditions. The enhanced stability of the O-rich
film on Ru may be assigned to its larger oxygen content
and its stronger interaction with the substrate due to
the Ru high oxygen affinity.

Apart from the precise Fe content in each phase
which will be analyzed in the following, it is worth
noting that the predicted film structures (Fig. 4)
correspond well to those observed experimentally (a
more detailed account is given in Refs. [34, 35]
and the whole set of new oxide phases observed for
O-rich conditions on Pt(111) will be described in
a forthcoming paper). The only exception is the
VFeO3/Ru(0001) film which requires much more O-
poor oxygen conditions than experimentally achieved
and could not be observed. Nevertheless, we will
include it in the following analysis for the sake of
comparison with the other systems.

The two O-poor phases correspond to a simple
VFeO3 honeycomb film (Fig. 4top panels) with
electronic and structural characteristics typical for this
class of materials [7, 33]. Namely, cations and anions
are 3-fold and 2-fold coordinated, respectively. The
former are located close to the hollow sites of the
metal surfaces, and the latter approximately on top
of the surface metal atoms. Anions relax outward
with respect to cations, which gives rise to a noticeable
film rumpling of about 0.7 and 0.8 Å on Pt and Ru,
respectively. The film structure is somewhat more
complex in the case of the Ru substrate, where one
among the three oxygen atoms relaxes slightly inwards
and forms a Ru-O bond with the substrate. The
electronic structures of such HC monolayers, Tab.
1, are characterized by an electron transfer from
the oxide films toward the metal substrates. This
electron transfer is larger in the case of Pt and results
in an increase of the vanadium oxidation state, as
witnessed by its large Bader charge QV and by its



Mixed (V,Fe) oxide MLs on Pt(111) and Ru(0001) 6

Table 1. Main Electronic Characteristics of the Metal-supported VFeOn Films: Cation Bader Charges QV , QFe (e), and Magnetic
Moments µV , µFe (µB), and Total Charge of the Metal Substrate Qsub (e/VFeOn f.u.)

VFeO3/Pt VFeO5/Pt VFeO3/Ru VFeO6/Ru
QV , QFe 1.95, 1.49 2.15, 1.76 1.80, 1.29 2.08, 1.69
µV , µFe 0.1, 3.9 0.2, 4.0 0.1, 3.7 0.1, 4.0
Qsub -0.70 +0.68 -0.17 +1.71

Figure 4. Top panels: Top and side views of the atomic
structures of the O-poor VFeO3/Pt(111) and VFeO3/Ru(0001)
honeycomb mixed oxide films. Bottom panels: Top and side
views of the atomic structures of the O-rich VFeO5/Pt(111) and
VFeO6/Ru(0001) mixed oxide films. V, Fe, O, Pt, and Ru atoms
are plotted with black, golden, red, gray and light brown balls,
respectively.

quenched magnetic moment µV [34]. On Ru, the
overall electron transfer is smaller, because it has two
opposing components. First, similarly to the Pt case,
the oxide to metal component enhances the oxidation
state of vanadium. Second, due to the Ru-O bond
formed across the interface, an electron transfer takes
place in the opposite direction, which reduces the
overall negative charge of the Ru substrate.

The two O-rich phases contain additional oxygen
atoms at the interface. They display quite different
atomic structures and different oxygen contents on the
two substrates. On the Pt(111) surface (Fig. 4 left
bottom panel), the two interfacial oxygen atoms are
located on top of surface Pt atoms. Each of them
forms two bonds with the cations in the oxide film,

thus producing a structure akin to a trilayer, and an
additional one with the Pt surface. As a consequence,
cations which are located in the hollow sites of the
metal surface are 5-fold coordinated.

On the Ru(0001) surface (Fig. 4 right bottom
panel), the three interfacial oxygen atoms are strongly
bonded to the Ru surface atoms, in either top (OA

atoms) or hollow sites (OB and OC atoms). OA

and OB form a single bond with V and Fe cations,
respectively, which are thus in a distorted tetrahedral
environment. The OC atom has no link to the oxide
layer and can be seen as reminiscent of the ordered
oxygen overlayers that evolve on pure Ru(0001) under
similar oxygen conditions.

The electronic characteristics of the O-rich films
(VFeO5/Pt(111) and VFeO6/Ru(0001)) are consistent
with maximal formal oxidation states of the two cations
(V5+ and Fe 3+) [35], driven by the large oxygen
content in the film. Stabilization of the excess oxygen
with respect to the charge-neutral V5+Fe3+O2−

4 oxide
formula unit (1 excess oxygen atom on Pt and 2 on
Ru) is due to the interaction with the metal substrates.
It occurs via the formation of interfacial Pt-O or Ru-
O bonds and an electron transfer toward the oxide
layer. It results in an overall positive charging of the
metal substrate. A similar stabilization mechanism has
been already proposed for O-rich FeO2 films on the Pt
substrate [15, 16].

As a whole, the differences between structure and
stoichiometry of the O-rich mixed oxide phases on the
two substrates result from the higher oxygen affinity
of Ru, compared to Pt, which drives both the oxygen
content and the cation local environment in the layers.

In a second step, we have re-evaluated the stability
of the O-poor and O-rich phases for each substrate,
this time as a function of the V/Fe cation ratio in
the films. More precisely, starting from the pure
V2On films (n = 3 for O-poor phases on both Pt and
Ru; n = 5 and 6 for O-rich phases on Pt and Ru,
respectively), we considered an increasing number of
Fe substitutions in the (4×4)-Ru(0001) or (2

√
3×2
√

3)-
Pt(111) unit cells. This leads to unit cell contents
V6−mFemO9 and V6−mFemO15 on Pt for O-poor and
O-rich phases, respectively (Fe concentrations c =
m/6). Corresponding layer compositions on Ru are
V8−mFemO12 and V8−mFemO24 (Fe concentrations
c = m/8). Various Fe distributions in the 6-cation
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Figure 5. Formation energies of metal-supported O-poor and
O-rich films with different Fe contents, as a function of oxygen
chemical potential. Dashed lines indicate the calculated stability
limits of the bulk VO2 phase. Shaded region highlights oxygen
conditions relevant to the present experiments.

rings have been considered for each Fe content and
their alternative positions with respect to the metal
substrate were also tested. Fig. 5 depicts the formation
energies of the most stable configurations in a grand
canonical approach which assumes that an unrestricted
number of vanadium and iron atoms is available from
bulk oxide reservoirs. Under Fe dosing control, the
composition c of the layers could be more freely varied,
as demonstrated in our previous work on O-poor mixed
layers on Pt [34].

We find that moving from O-poor to O-rich
oxygen conditions produces a systematic increase of
the favored Fe content in both O-poor and O-rich
phases, Fig. 5. This trend is driven by the term
−c∆µO in Eq. 1. However, the optimal c value differs
in the four phases. Under experimentally relevant
oxygen conditions (shaded region), mixed oxide phases
of compositions close to 1:1 are favored in three
among the four systems under consideration. The
only exception is the O-rich (V1−cFec)2O5/Pt film,
for which the favored Fe content is much smaller.
In the most stable configurations, the Fe cations are
systematically located in 2nd neighbor positions with
respect to each other (Fig. 4), while configurations
involving first-neighbor Fe-Fe pairs are considerably
less stable. This shows a systematic preference for the
formation of mixed V-Fe pairs rather than of pure V-
V and Fe-Fe ones. We will analyze the mechanisms
responsible for these features in the Discussion section.

Let us finally note that simulated STM images
of the three most stable films in the experimentally
accessible range of oxygen chemical potentials are
in excellent agreement with the experimental images
shown in Figs. 1 and 2. As presented in Fig.
S5, Section S3 of the SI, on Pt(111), under UHV
annealing conditions, Fe atoms can be recognized by

their triangular motif at high bias. On Ru(111), the
STM contrast is driven by the height of the cations
linked to OA interfacial oxygen atoms and not to
the chemical identity of the cations. Finally, on
Pt(111) under more oxygen rich conditions, the STM
contrast is determined by the outermost oxygen atoms,
and all cation positions in the six-ring show up by
small depressions in the ring circumference. There is
negligible contrast due to the chemical identity of the
cations.

5. Discussion

The experimental and theoretical results described
in the previous sections evidence several important
characteristics of the O-poor and O-rich mixed V-Fe
oxide 2D layers on Pt(111) and Ru(0001). The most
stable configurations have a honeycomb-type structure
with alternating V and Fe cations within the 6 cation-
membered rings and interfacial oxygen atoms in the
case of O-rich layers. A mixing of the two cations thus
takes place at the atomic level, with a preference for
V-Fe rather than V-V or Fe-Fe first neighbor pairs.
Despite this common feature, the O-rich layers on Pt
depart from the other systems by a much lower optimal
Fe content, and the O-rich layers on Ru(0001) by a
much larger stability. In this section, we propose some
guidelines to rationalize these characteristics.

The usual way to analyze the mixing behavior of
a substitutional alloy consists, at T=0 K, in evaluating
its mixing energy as the difference between its energy
and the energy of its end-members weighted by their
relative concentrations. This procedure has been
widely applied for metallic alloys [52], simple oxides
[53, 54], as well as mineral compounds [55]. An
important condition is that the two end-members
have the same crystalline structure and stoichiometry.
However, in the present case, most end-members
(Fe2O3, Fe2O5, V2O5, V2O6, and Fe2O6) are not the
most stable binary oxide phases on Pt and Ru in
the considered range of oxygen chemical potentials.
Indeed, on the Pt(111) substrate, O-poor FeO and O-
rich FeO2 phases have been experimentally observed
[15, 16], whereas on Ru(0001), the observed Fe-rich
structures have been interpreted as FeO bilayers [56,
57, 58]. In the three cases, the building elements of
the structure are small 3-cation rings, while the mixed
layers described here display larger 6-cation rings.
Similarly, on Ru, the most stable oxygen-rich pure
vanadium oxide displays rings which involve more than
6 cations [51]. It thus appears that, in complex systems
such as 2D mixed layers on metal substrates, due to the
flexibility of their structures and compositions when
the thermodynamic conditions change, the traditional
way of quantifying mixing properties is not applicable
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and has to be reconsidered.
In order to circumvent this difficulty and char-

acterize the cation distribution in the unit cells, we
have calculated the energy costs δEi to approach two
Fe cations at various relative positions (i=1, 2... for
first, second.... neighbor positions) and with alterna-
tive (FM or AF) spin orientations, as described in Ref.
[34]. Since this process conserves the number of vana-
dium, iron and oxygen atoms, the δEi are independent
of all chemical potentials, i.e. ∆µO and the bulk ref-
erences. Values for δE1 and δE2 are given in Table
2.

Within an Ising-type model, the δEi quantities
may be written as a function of (1) effective cation-
cation interactions Wi weighted by a number of mixed
pairs ni, and of (2) a site energy term ∆E whenever
first (i = 1) or third (i = 3) neighbor V-Fe pairs are
involved:

δEi = −niWi + (δi,1 + δi,3)∆E (2)

The meaning of the ∆E and Wi parameters is
presented and discussed in the following. Their values
are given in Table 2. Considering that they somewhat
vary with the Fe concentration, we will only discuss
their most salient features which are independent on c.

Regarding the site term ∆E, one may note that
the cationic sites along the 6-membered rings are
not equivalent. For example, in the O-poor layers,
cations alternatively occupy two different hollow sites
of the substrate. DFT calculations performed on
configurations with a single Fe atom in the unit cells,
find that the energy ∆E to exchange V and Fe cations
located on sites of different type does not exceed a few
hundredth of eV. In the O-rich layers, ∆E is larger,
especially on Ru. As discussed in Ref. [35], in this
case, cations are located on-top of interfacial oxygen
atoms which are either top (OA sites) or hollow (OB

sites) of the Ru surface. OA and OB sites alternate
along the rings and OA is much more favourable for
V cations because it allows stronger V-O bonds to be
formed. This site effect effectively favours V-Fe first
neighbor pairs, by approximately 0.6 eV, and leads to
an optimal mixing behavior at c = 0.5. It provides
the major contribution to δE1 for O-rich layers on Ru,
while for O-rich layers on Pt, it is insufficient to explain
a nearly as high δE1 value. Moreover, in the latter case,
it nearly completely vanishes as the Fe concentration
increases.

The mixing parameters Wi = 2EFeV
i − EFeFe

i −
EV V

i are related to effective pair interaction energies
EFeV

i , EFeFe
i and EV V

i . They account for the
energy gain (or expense) to form two Fe-V pairs in
place of one Fe-Fe and one V-V pair (at a given
distance i). Negative and positive W values are
indicative for mixing (preference for Fe-V pairs) and
phase separation (preference for Fe-Fe and V-V pairs),

respectively. Let us note that, since negative W values
favor V-Fe pairs at the expense of Fe-Fe and V-V
ones, they represent effective V-Fe attraction as well
as Fe-Fe or V-V repulsion. According to Table 2, first
neighbor parameters W1 are rather large and negative
in all mixed layers, which indicates local mixing of
the two cations at the atomic level. Second neighbor
parameters W2 are comparatively small, whereas third
neighbor ones can be neglected.

Yet, the comparison between the Wi values in
the four systems evidences the specificity of the O-
rich layers on Pt which possess both the largest W1

and the largest W2 parameters, which, among the
four systems, results in a high energy costs δE1 and
the highest one δE2 to approach two Fe cations in
first of second neighbor positions, respectively. As
introducing more and more Fe atoms in the layers
inevitably creates second- or even first-neighbor Fe-
Fe pairs and thus increases the Fe-Fe repulsion, it
prevents the stabilisation of O-rich phases on Pt with
a substantial Fe content. Actually already an isolated
V-Fe substitution costs more energy than in the other
systems due to the larger number of strong V-O bonds
which are replaced by weaker Fe-O ones (five in O-rich
layers on Pt, and three/four in O-poor/O-rich layers
on Ru, respectively). As substitutions start forming
Fe-Fe pairs, the energy cost increases due to the large
value of Wi. This finding rationalizes the low optimal
Fe content of the O-rich layers on Pt displayed in Fig.5.

Included in the effective parameters Wi is a
magnetic contribution due to Fe-Fe interactions.
When two Fe cations are first neighbors, their spins
couple anti-ferromagnetically via a super-exchange
mechanism, involving virtual excitations on the
bridging oxygen atom. This coupling energy EAF

favors Fe-Fe first neighbor configurations. It gives
a positive contribution to W1, and thus acts toward
phase separation. It is negligible when the two Fe
cations are located further away. We find that EAF is
roughly similar in the four mixed layers, and amounts
to ≈ +0.3 eV. The magnetic interaction therefore does
not discriminate the Wi values in the four systems, nor
does it explain the global negative values of the Wi.

A second contribution to Wi comes from direct or
oxygen-mediated non-magnetic interactions. Among
them, as discussed in our previous works [34, 35],
electrostatic interactions provide a strong negative
contribution, due to the charge difference between the
V and Fe cations. In O-poor layers, although the
layer stoichiometry might suggest similar 3+ oxidation
states for both V and Fe cations, the electron transfer
to the substrate (stronger for the more electronegative
Pt surface) allows a higher V oxidation state. The V
oxidation state is also higher in the O-rich layers due
to the high oxygen content. However, this negative
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Table 2. Top part: Energy cost (eV) δE1 and δE2 to approach two Fe cations in first or second neighbor positions with AF spin
coupling. Bottom part: Values (eV) of the mixing parameters W1 and W2, the magnetic Fe-Fe first neighbor interaction EAF and
the site energy ∆E (see text).

O-poor/Pt O-rich/Pt O-poor/Ru O-rich/Ru
δE1 0.48 0.77 0.48 0.89
δE2 0.13 0.55 0.10 -0.06
W1 -0.42 -0.58 -0.44 -0.29
W2 -0.04 -0.18 -0.05 0.03
EAF 0.30 0.30 0.23 0.30
∆E 0.03 0.19 0.04 0.64

electrostatic contribution is likely similar in the four
mixed layers, and cannot explain the high W1 and W2

values in the O-rich layers on Pt, for example.
Implicitly included in the Wi values is the response

of the substrates to the formation of Fe-Fe pairs upon
approaching two Fe atoms by V-Fe exchange. Formally
such a Fe-Fe pair may be considered as a negatively
charged defect because it involves Fe cations of lower
oxidation state than the V ones. With respect to the
surrounding charge distribution, it has to be locally
screened by the substrate. In O-poor layers, the two
substrates are negatively charged, due to the electron
transfer from the vanadium atoms. The formation of
Fe-Fe pairs only diminishes this negative charge (in
absolute value) without changing its sign, which does
not cost much energy because of the electronegative
character of the two substrates. However, due to their
high oxygen content, things are different in the O-
rich layers, under which the substrates are positively
charged. As the local Fe content increases, this
positive charge increases. It is not crucial on Ru which
has a high oxygen affinity and is able to efficiently
accommodate the positive charge by increasing its
oxidation states (possibly up to +4 as in RuO2),
and/or by forming stronger Ru-O bonds across the
interface. But oxidation of Pt is more difficult, due to
its high electronegativity and as witnessed by the low
stability of platinum oxides. The energy cost related
to the positive charging of the metal substrate thus
appears as the driving force which limits the Fe content
in the mixed O-rich films on Pt.

6. Conclusion

Well-defined crystalline 2D mixed V-Fe oxide films
with different ratios of the two cations and different
oxygen contents have been successfully synthesized on
Pt(111) and Ru(0001) substrates and characterized
with atomically resolved STM experiments. With the
help of DFT calculations, their relative stability has
been analyzed and their mixing characteristics have
been critically discussed.

We find that the mixed oxide layers under consid-

eration display quite different stability characteristics.
On the Ru substrate, which has a high affinity to oxy-
gen, O-rich layers are favored in nearly the whole range
of oxygen conditions, due to their strong interaction
with the metal surface. As a consequence, the stability
range of O-poor layers is limited to inaccessibly O-poor
environments. In contrast, on the Pt surface, O-poor
and O-rich films have a similar stability and coexist
at the surface. Mixed V-Fe phases with close to 50%
Fe content are systematically predicted to be the most
stable at experimental oxygen conditions. Only in the
O-rich layers on Pt the optimal Fe content is much
smaller due to stronger Fe-Fe repulsion.

Mixing characteristics in the various oxide phases
have been analyzed from the energy cost to approach
two Fe atoms. This strategy departs from the
traditional way of quantifying mixing properties due
to the structural and compositional flexibility of these
2D mixed oxide layers under changing thermodynamic
conditions. We find that in all the mixed systems, Fe-
V first neighbor pairs are favored. A strong site effect
in the O-rich layers on Ru reinforces the preference for
mixing, while visibly stronger mixing parameters in the
O-rich layers on Pt oppose substantial introduction of
Fe atoms in the layers.
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