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orphosis from Fe3O4 to FeO of
epitaxial iron oxide films grown on the Fe-p(1 � 1)O
surface

M. Capra, A. Lodesani, A. Brambilla, M. Finazzi, L. Duò, F. Ciccacci and A. Picone *

The reduction and oxidation of epitaxial Fe3O4 films grown by reactive deposition on a Fe-p(1� 1)O surface

have been investigated by means of Auger electron spectroscopy (AES), low energy electron diffraction

(LEED) and scanning tunneling microcopy (STM). The as-grown iron oxide samples display a square LEED

pattern with a lattice constant compatible with a p(1 � 1) bulk terminated Fe3O4(001) surface. STM

topographic images of Fe3O4 are characterized by atomically flat terraces separated by highly oriented

steps running along the (010) and (100) crystallographic directions of the substrate. Upon annealing at

800 K in an ultra-high vacuum, AES reveals that magnetite transforms to FeO. The sample exposes the

(001) surface of the rock salt structure, with a lattice parameter close to that of bulk wüstite. The Fe3O4

phase can be recovered by oxidation at 10�6 mbar of molecular oxygen.
Introduction

Iron oxides have been investigated for decades in several
scientic disciplines, spanning physical chemistry1–3 to medi-
cine.4 Owing to the different oxidation states assumed by Fe
cations, Fe2+ or Fe3+, iron oxides can form various phases, with
different stoichiometries and physical properties. Wüstite FeO
is an antiferromagnetic insulator crystallizing in a rock salt
lattice, where only Fe2+ cations are present. Magnetite Fe3O4 is
a ferrimagnet containing a mixture of Fe2+ and Fe3+ ions, which
assumes an inverse spinel structure. Above the Verwey transi-
tion temperature (Tv � 120 K), Fe3O4 is a half metal, while below
Tv it is insulating. Haematite (a-Fe2O3) adopts a corundum
structure containing Fe3+ ions in octahedral sites. The stoi-
chiometric a-Fe2O3, below 955 K, is an antiferromagnetic
insulator.

The surface science paradigm, i.e. the preparation of well-
dened model systems under highly controlled conditions, is
the most appropriate to investigate the detailed atomic struc-
ture and chemical composition of oxide surfaces.5–8 Thin and
ultra-thin Fe oxide lms supported on metallic substrates like
Pt,9,10 Ag,11,12 Fe,13,14, Ni,15,16 have been investigated by using this
approach. Aer these investigations, it has been recognized that
also new phases, with stoichiometries and physical properties
deviating from those occurring in bulk samples, can be stabi-
lized in epitaxial lms with a thickness of few monolayers.17

The interconversion from one phase to another, depending
on parameters like temperature and oxygen partial pressure, is
particularly important, both from fundamental and applied
no, p.za Leonardo da Vinci 32, I-20133
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points of view. In this frame, several recent papers describe the
redox reactions occurring on iron oxide samples: Freindl et al.
found that Fe2O3 lms grown on Pt(111) can be reversibly
reduced to Fe3O4 by annealing in vacuum,18 while Tang et al.
reduced a bulk Fe2O3 sample to Fe3O4 by Ar ion sputtering
followed by annealing.19 Jiang et al. investigated by means of
ambient pressure scanning tunneling microscopy the effects
induced by oxygen and carbon monoxide exposure on FeO(111)
nano-islands grown on Au(111).20

The redox reactions occurring on FeyOx layers change dras-
tically their physical and chemical properties, affecting the
performances of the devices in which they are integrated. In
heterogeneous catalysis, during the reaction the oxidation state
of Fe oxide can be modied and inuence the catalyst perfor-
mances. For example, the oxidation of FeO lms grown on
Pt(111) induces the formation of a O–Fe–O trilayer, which is
a key factor to activate the FeO/Pt(111) catalyst for low temper-
ature CO oxidation.21,22 In exchange bias systems, where Fe is
interfaced with an antiferromagnetic oxide, oen the formation
of Fe oxides is observed.23–25 The thermal treatments performed
on the layered structure, such as the heating before the eld
cooling process, can induce redox reactions26–28 and affect the
device properties. In magnetic tunnel junctions, oen there is
a thin FeyOx layer at the interface between the Fe electrodes and
the MgO barrier, which can affect the device transport
characteristics.29

In this paper we analyze the effect of annealing and oxygen
exposure on an epitaxial Fe3O4 lm grown on a Fe-p(1 � 1)O
surface. The Fe-p(1� 1)O sample is characterized by a single layer
of oxygen atoms accommodated in the hollow sites of the Fe(001)
surface and can be considered as a single layer of iron monoxide
compressed by the underlying metal.30–33 The Fe-p(1 � 1)O
RSC Adv., 2021, 11, 11513–11518 | 11513
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passivated surface is more stable than the clean Fe(001) surface
against the oxidation, thus it is an ideal template for the growth of
Fe oxide in an oxygen atmosphere on a well-dened substrate.5

Our experiments show that the iron oxide lms can be switched
reversibly from Fe3O4 and FeO by cycles of high temperature
annealing and exposure to molecular oxygen.
Fig. 1 LEED images acquired on: (a) Fe-p(1 � 1)O substrate, (b)
Fe3O4(001) surface obtained by reactive deposition of Fe in oxygen
atmosphere, (c) FeO(001) surface after UHV annealing of Fe3O4, (d)
Fe3O4(001) surface obtained by exposure of the FeO(001) sample to
O2. Primary electron beam energy is 125 eV for each panel. The
crystallographic directions are referred to the Fe(001) substrate.
Experimental details

The experiments have been performed in an ultra-high vacuum
(UHV) chamber, at a base pressure of 10�10 mbar. The Fe(001)
substrate was obtained by growing in situ a thick Fe lm, about
500 nm, on a MgO(001) substrate. The Fe-p(1 � 1)O surface was
obtained by following a well-established procedure, exposing
the Fe(001) sample to 30 L of molecular oxygen (O2) and
annealing in UHV to 800 K for 5 minutes.5 Fe3O4 lms were
grown by evaporating Fe in a 10�6 mbar O2 atmosphere, with
the sample kept at 500 K during the deposition, as measured by
a thermocouple positioned close to the sample. The Fe deposition
rate was about 1 nmmin�1, as evaluated by a quartzmicrobalance.
The lm thickness was estimated to be about 50 nm. The
heating rate during the annealing was on average 1 K s�1, while
during the cooling of the sample was about �2 K s�1. In the
experiments where the reduction of Fe3O4 was induced, the
lms were annealed at 800 K in UHV with the same
annealing and cooling rates used during the Fe3O4 growth.
The scanning tunneling microscopy (STM) measurements
were performed in situ by using an Omicron variable
temperature STM. The images were acquired at room
temperature in constant-current mode with tips obtained by
electrochemical etching of W wires.

The Auger electron spectroscopy (AES) and low-energy elec-
tron diffraction (LEED) measurements performed by means of
an Omicron SPECTALEED with a retarding eld analyzer (total
acceptance angle 102�). The primary energy of the electron
beam for AES measurements was 3 keV.
Results and discussion

Fig. 1 displays the LEED images acquired aer each preparation
step of iron oxide samples. Fig. 1(a) shows the diffraction
pattern characteristic of the Fe-p(1 � 1)O surface, correspond-
ing to a real space square lattice with a lattice parameter equal
to ap(1�1)¼ 2.86 Å. Aer the Fe deposition in O2 atmosphere, the
LEED pattern in Fig. 1(b) indicates the presence of a p(2 � 2)
reconstruction with respect to the Fe-p(1 � 1)O lattice. This
pattern is attributed to the formation of a bulk-terminated
Fe3O4(001) surface, which is characterized by a lattice param-
eter of about 0.59 nm. The stabilization of Fe3O4(001) is sup-
ported also by the AES and STM data presented in the following.
The subsequent UHV annealing at 800 K lis the p(2 � 2) phase
and a square lattice similar to that of the Fe-p(1 � 1)O substrate
appears in Fig. 1(c), although with different spot intensities and
unit mesh dimensions. A quantitative evaluation of the ratio
between the real space lattice parameter of the annealed sample

(aann) and that of Fe-p(1 � 1)O yields to
aann

apð1�1Þ
¼ 1:08� 0:015.
11514 | RSC Adv., 2021, 11, 11513–11518
This observation is consistent with the formation of a FeO(001)
surface, for which the nominal lattice parameter of the primi-
tive cell is about 3.07 A. The oxidation of the FeO(001) sample
kept at 500 K restores the p(2 � 2) reconstruction [see Fig. 1(d)],
attributed to the Fe3O4(001) surface.

It is worthwhile to mention that, for the Fe3O4(001) surface,
a square unit mesh with a lattice constant of 0.843 nm is oen
reported, both in bulk magnetite samples34 and epitaxial

lms.35 This phase, which corresponds to a ð ffiffiffi

2
p � ffiffiffi

2
p ÞR 45�

reconstruction with respect to the bulk-terminated Fe3O4(001)
surface, has been attributed to different causes, such as for
instance oxygen vacancies in the topmost layer35 or electronic
ordering.34 Recently, the commonly accepted model ascribes

the ð ffiffiffi

2
p � ffiffiffi

2
p ÞR 45� phase to subsurface cation vacancies.36 In

our case, we measure a surface lattice parameter of about
0.6 nm, which is consistent with an unreconstructed
Fe3O4(001). The LEED images, acquired with a primary beam
energy ranging from 50 eV to 200 eV in steps of 25 eV, do not

display any extra spot due to the ð ffiffiffi

2
p � ffiffiffi

2
p ÞR 45� reconstruc-

tion. Recently, the primitive Fe3O4(001) surface has been
observed in experiments where the samples were kept at high
temperature37,38 or aer the deposition of atoms belonging to
different species.39 In our case, the samples have been grown at
500 K in oxygen atmosphere, but the LEED and STM measure-
ments have been performed at room temperature, therefore our
results cannot be directly related to those of ref. 37 and 38.
Further investigations are needed to rationalize the absence of

the ð ffiffiffi

2
p � ffiffiffi

2
p ÞR 45� phase.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AES spectra acquired at (a) high and (b) low kinetic energy on
the Fe-p(1 � 1)O substrate (purple spectra, bottom row), Fe3O4(001)
surface obtained by reactive deposition of Fe on oxygen atmosphere
(black, second row from bottom), FeO(001) surface after the UHV
annealing of Fe3O4(001) (red, third row from bottom) and recovered
Fe3O4(001) surface, obtained by oxidation of the FeO(001) sample
(blue, top row). The dashed lines in panel (b) highlight the energy
position of the Auger features related to FeO and Fe3O4.
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Fig. 2(a) and (b) show the AES data acquired at high and low
kinetic energies, respectively. The comparison of the intensities
of the Fe LMM transitions with those of the O KLL peaks allows
one to quantitatively estimate the chemical composition of the
samples. On the Fe-p(1 � 1)O substrate, which is characterized
by a single layer of oxygen atoms, the ratio between the O KLL
peak and the Fe LMM peak at 650 eV is (O/Fe650)p(1�1) ¼ 0.43.
Aer the reactive deposition of Fe in a O2 atmosphere, the ratio
Fig. 3 Scanning tunneling constant current images showing the topogra
by reactive deposition of Fe on oxygen atmosphere [panel (c)], FeO(001)
(f) display the topographic profiles corresponding to the dashed white line
each panel. Tunneling parameters are V ¼ 1 V, I ¼ 1 nA for panels (a) an

© 2021 The Author(s). Published by the Royal Society of Chemistry
increases to (O/Fe650)grown ¼ 3.86, consistent with the formation
of a thick iron oxide lm. Aer UHV annealing, the ratio
decreases to (O/Fe650)ann ¼ 2.89, suggesting a reduction of the

lm. The quantity
ðO=Fe650Þgrown
ðO=Fe650Þann

, which quanties the relative

stoichiometries of the as-grown and annealed lms, provides
a value of 1.33, in excellent agreement with that expected for
a reduction from Fe3O4 to FeO. Finally, the O/Fe650 ratio
increases again to a value of 3.63 aer O2 exposure, pointing
towards a recovery of the original magnetite lm. The Auger
peak at low kinetic energy reported in Fig. 2(b) corresponds to
the MVV transition, which is particularly sensitive to the
oxidation state of Fe atoms.40,41 The bottom spectrum of
Fig. 2(b) acquired on the Fe-p(1 � 1)O is dominated by the peak
of metallic Fe, with a minimum located at 46 eV. Additionally,
another feature is visible at lower kinetic energy, partially
superimposed onto the metal peak, which can be assigned to
the presence of a single layer of iron oxide on the surface.5 The
spectrum taken on the as-grown Fe3O4 is characterized by two
features at about 42 eV and 51 eV. Upon the formation of FeO,
these features shi at lower energies by 1.3 eV and 0.8 eV,
respectively. Moreover, a small shoulder appears at about 35 eV.
The spectrum acquired on the recovered Fe3O4 sample is
identical to that of the as-grown magnetite.

Fig. 3 illustrates the large-scale topography of the substrate
[panel (a)], the as deposited Fe3O4 [panel (b)] and the FeO
surface [panel (c)]. On the Fe-p(1 � 1)O sample, wide terraces
separated by multiatomic steps are present, due to oxygen-
induced bunching of Fe(001) steps.31 The step density along
the (110) direction is about 0.7 � 10�2 nm�1. The line prole
drawn in Fig. 3(a) crosses a bi-layer step [a monoatomic step in
Fe(001) is 0.14 nm high], as visible in the topographic curve
reported in Fig. 3(b). Aer the Fe3O4 growth, the surface
morphology is characterized by a higher density of steps, about
2.5 � 10�2 nm�1 along the (110) direction, which are highly
phy of the Fe-p(1 � 1)O substrate (a), the Fe3O4(001) surface obtained
sample after UHV annealing of Fe3O4(001) [panel (e)]. Panels (b), (d) and
s of panels (a), (c) and (e), respectively. Image size is 140� 140 nm2 for
d (c), V ¼ 2.1 V, I ¼ 0.5 nA for panel (e).

RSC Adv., 2021, 11, 11513–11518 | 11515
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Fig. 5 Panel (a) shows an atomically resolved STM constant current
image of the Fe3O4(001) surface obtained by reactive deposition of Fe
in oxygen atmosphere. Image size is 4 � 4 nm2, tunneling parameters
are V ¼ 0.1 V, I ¼ 10 nA. Panel (b) displays the topographic profile
corresponding to the dashed white line of panel (a), where an average
atomic corrugation of about 12 pm is measured. On the right side
a schematic model of the bulk-terminated Fe3O4(001) surface is re-
ported. The black square indicates the surface unit cell.
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oriented along either the (001) or (010) crystallographic direc-
tion of the substrate. Panel (d) displays the line prole acquired
across Fe3O4 terraces. Considering that the interlayer spacing
between layers with the same termination is 0.21 nm, the
measured topography corresponds to bunches of two and three
steps of magnetite. The mesoscopic morphology of FeO re-
ported in Fig. 3(e) is very similar to that of Fe3O4 in terms of
steps density, orientation and height. The line prole drawn in
Fig. 3(f) corresponds approximatively to a two-layer high step
along the [001] direction of the rock-salt FeO [a monoatomic
step in FeO(001) is 0.215 nm high].

It should be emphasized that, on the FeO samples, it was
possible to obtain stable STM images only at high tip-sample
voltage (above 2 V). Conversely, on Fe3O4 it was possible to
measure also with small sample-tip bias, in agreement with the
insulating and conductive nature of FeO(001) and Fe3O4(001)
surfaces, respectively.

On the Fe3O4, thanks to the good electrical conductivity of
the surface, it was also possible to obtain atomically resolved
images, shown in Fig. 4(a). The atomic corrugation is domi-
nated by periodic rows with an apparent height of about 0.3 Å
and separated by about 6 Å, as measured from the topographic
line of Fig. 4(b). The rows belonging to different terraces are
mutually rotated by 90�. These observations are similar to
those reported for the reconstructed Fe3O4(001) surface of
bulk sample and ultrathin lms,1 despite we do not observe

theð ffiffiffi

2
p � ffiffiffi

2
p ÞR 45� superstructure in the LEED measure-

ments, as already mentioned above. In Fig. 5 a highly resolved
image is displayed, in which elongated features are present. In
order to rationalize the structural data acquired by LEED and
STM, the right panel of Fig. 5 reports a schematic model of the
unreconstructed Fe3O4(001), which is characterized by
Fig. 4 STM image at constant current showing the atomic corrugation
of Fe3O4. Parallel lines running along the [010] and [001] directions of
the Fe(001) substrate are visible, mutually orthogonal on terraces
belonging to different layers. (b) Line profile displaying the atomic
corrugation measured along the dotted line on panel (a). Image size is
50 � 50 nm2. Tunneling parameters are V ¼ 0.1 V, I ¼ 10 nA.

11516 | RSC Adv., 2021, 11, 11513–11518
a square unit cell compatible with the diffraction pattern
measured by LEED. We suggest that, in our STM measure-
ments, dimers of oxygen atoms separated by the octahedral Fe
row are imaged as bright ovals, while the octahedral Fe atoms
are imaged as depressions. We notice that our STM images of
Fe3O4 differ noticeably from those reported in most of the
literature, where the Fe cations are imaged as protrusions,
despite there are reports in which anions are imaged as bright
spots.42

In order to discuss the Fe3O4–FeO interconversion we recall
that both phases are characterized by an oxygen face-centered-
cubic lattice and differ only for the cation disposition. The Fe
cations completely occupy the octahedral sites in FeO, while in
magnetite there are Fe3+ in tetrahedral sites and a 50 : 50
mixture of Fe3+ and Fe2+ in octahedral sites. During the reduc-
tion of Fe3O4 to FeO oxygen atoms should be removed by the
annealing and/or additional cations added to the iron oxide
lattice. Generally, the UHV annealing of Fe3O4 bulk or Fe3O4

lms grown onMgOmodies the surface structure but does not
induce a complete reduction of magnetite to FeO,35 in agree-
ment with the fact that even at a temperature of 1000 K and
pressure of 10�10 mbar the free energies of Fe3O4 and FeO are
�96.1 kJ mol�1 and �71.3 kJ mol�1, respectively.43 We suggest
that in our case the transformation from Fe3O4 to FeO could be
facilitated by additional Fe atoms provided by the Fe(001)
substrate. The proximity of a reservoir of Fe atoms can modify
the energetic balance, making FeO thermodynamically more
stable than Fe3O4. A similar mechanism has been reported by
Genuzio et al. in the case of Fe2O3 reduction to Fe3O4, where
additional cations were supplied by Fe deposition on
hematite.44
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Fe3O4(001) lms have been grown by reactive molecular beam
epitaxy on a Fe-p(1 � 1)O surface. The Fe3O4(001) LEED pattern
forms a p(2 � 2) superstructure with respect to the substrate,
revealing a surface structure compatible with a bulk terminated
Fe3O4(001) sample. Highly resolved STM images have been
obtained on magnetite, tentatively assigned to an imaging
mode in which oxygen atoms are measured as protrusions. The
Fe3O4(001) lms can be converted in rock-salt FeO(001) by
annealing the sample at 800 K in UHV. The FeO surface is
characterized by a p(1 � 1) diffraction pattern with respect to
the substrate, with a lattice constant similar to that of bulk
Wüstite. The Fe3O4(001) and FeO(001) phases are clearly
discernible also by AES, both in the high and low kinetic energy
transitions. Finally, it has been shown that the Fe3O4(001) phase
can be restored by the oxidation of FeO(001) at high
temperature.
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23 E. Młyńczak, P. Luches, S. Valeri and J. Korecki, NiO/Fe(001):
magnetic anisotropy, exchange bias, and interface structure,
J. Appl. Phys., 2013, 113, 234315.

24 P. Luches, V. Bellini, S. Colonna, L. Di Giustino, F. Manghi,
S. Valeri and F. Boscherini, Iron Oxidation, Interfacial
Expansion, and Buckling at the Fe/NiO(001) Interface,
Phys. Rev. Lett., 2006, 96, 106106.

25 A. Brambilla, A. Picone, M. Finazzi, L. Duò and F. Ciccacci,
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J. Korecki, Interface engineering towards enhanced
exchange interaction between Fe and FeO in Fe/MgO/FeO
epitaxial heterostructures, Appl. Phys. Lett., 2019, 115,
141603.

30 S. S. Parihar, H. L. Meyerheim, K. Mohseni, S. Ostanin,
A. Ernst, N. Jedrecy, R. Felici and J. Kirschner, Structure of
O/Fe(001)-p(1 � 1) studied by surface X-ray diffraction,
Phys. Rev. B: Condens. Matter Mater. Phys., 2010, 81, 075428.

31 A. Picone, A. Brambilla, A. Calloni, L. Duò, M. Finazzi and
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