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Abstract
Understanding how the structure of iron oxide surfaces varies with their environment is essential for
rationalizing their role in (geo-)chemistry and optimizing their application inmodern technologies.
In this paper, we create Fe-rich terminations of Fe3O4(001) by depositing iron directly onto the
‘subsurface cation vacancy’-reconstructed surface, which is themost stable surface under ultrahigh
vacuumconditions. Scanning tunnelingmicroscopy and x-ray photoelectron spectroscopy data reveal
that the excess iron is initially accommodated as two-fold coordinated adatoms and later incorporates
into the subsurface cation vacancies. As the coverage increases, small patches of the octahedral pair
termination (also known as the ‘Fe dimer’ termination) nucleate, eventually covering the entire
surface after the deposition of 2 iron atoms per (√2×√2)R45° unit cell. This conclusion effectively
rules out some existingmodels for the termination and provides support for themodel proposed by
Rustad et al (Surface Science 432, L583-L588, 1999), highlighting the need for further theoretical work
to complete the Fe3O4(001) surface phase diagram. The octahedral pair termination is found to be
unstable above 523 K and upon exposure tomolecularO2 because the excess iron atoms agglomerate
to form small FeOx clusters.

1. Introduction

Iron oxides are abundantminerals on Earthwith awide range of applications inmagnetic devices [1], electronic
materials [2, 3], biomedicine [4], and catalysis [5]. Since the atomic-scale structure of the surface ultimately
defines its reactivity [6], there has been a long-standing effort to understand structure–function relationships at
the atomic level using surface science techniques [7, 8]. Reduced surfaces are particularly interesting in the
context of catalysis because catalysts are often activated by heating inCOorH2 and applied at elevated
temperatures in reducing environments.

Magnetite (Fe3O4) has been extensively studied in surface science experiments. This is partly because Fe3O4

is the active phase for the high-temperature water-gas shift reaction [9, 10] and because it is utilized as a reducible
support formetal nanoparticles [11–13].Moreover, Fe3O4 is well suited for experiments in ultrahigh vacuum
(UHV) as it is themost stable iron oxide phase underUHVconditions [14] and high-quality samples can be
readily purchased as single crystals or grown as thin films onmetal substrates [7, 14]. Additionally, thematerial’s
half-metallicity [15]makes it amenable to analysis by electron-based techniques, including scanning tunneling
microscopy (STM).

Themost prominent facets of natural Fe3O4 crystals are (111) and (100). The (111) surface is terminated by a
layer of tetrahedrally coordinated Fe atoms (Fetet) [16, 17], but patches with a different structure coexist and
grow as the sample becomes reduced [18–21]. The structure of these patches is still debated [21, 22], but they
exhibit different reactivity compared to the Fetet termination [21, 23, 24].More extensive reduction of the
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sample leads to the observation of the so-called bi-phase termination [22, 25, 26], which precedes the full
reduction of the sample selvedge to FeO.

The (001) facet exhibits a (√2×√2)R45° periodicity when a sample is prepared under ultrahigh vacuum
(UHV) conditions [27–29]. Empty-states STM images typically exhibit rows of protrusions running in<110>-
type directions, consistent with the imaging of octahedral Fe atoms (Feoct)within an Feoct-O plane. The structure
model for this surface, known as the subsurface cation vacancy (SCV) termination, is shown infigure 1(a). In
each unit cell, two Feoct cations are removed from the third layer and replaced by an Fetet interstitial (Feint) in the
second layer. This distorts the topmost surface layer, leading to undulations that are visible in STM images. The
SCVmodel is supported by density functional theory (DFT) calculations [30], quantitative low-energy electron
diffraction (LEED-IV) [30] and surface x-ray diffraction (SXRD) [31], and a predicted Fe3+ enrichment of the
surface is observed in x-ray photoelectron spectroscopy (XPS) [30]. Furthermore, the SCVmodel is also
consistent with the adsorption behaviour of variousmetal adatoms, as observed by STM:Adatoms occupy the
specific site between two undercoordinated oxygen atomsmarked by a black star infigure 1(a) [30, 46, 47]. In a
truncated bulk structure, this site would be equivalent to the sitemarked by a green circle. In the reconstructed
surface, the latter site is unfavourable due to the presence of the Feint atom.

Reduced terminations of Fe3O4(001) have been reported on both bulk single-crystal samples and epitaxial
thinfilms [17, 32–41]. Initially, a½MLFetet-terminated surface was proposed [42] based on STM images
showing protrusions between the surface Feoct rows.However, further STM investigations resolved the
protrusions into pairs [35, 37, 40, 43–45], leading to this surface becoming known as the ‘Fe dimer’ termination
of Fe3O4(001). Previously, our group prepared this surface by depositing Fe directly onto the as-prepared
Fe3O4(001) surface at room temperature (RT). Based on STMdata andDFT calculations, we determined that the
Fe atoms constituting the ‘dimer’ are five-fold coordinated to surface oxygen atoms (see figure 1(c)), and that no
Fe–Fe bond is formed [32].We thus prefer the descriptor ‘octahedral pair’ to Fe dimer, andwill utilize this
terminology inwhat follows. Generally, these studies were conducted before the discovery of the SCV
termination of Fe3O4(001), and structuralmodels of the octahedral pair do not take into account the possibility
of subsurface rearrangements.

In this study, we revisit the experiments involving the deposition of Fe onto Fe3O4(001) in light of the
discovery of the SCV structure. Our investigation reveals that the octahedral pair termination requires an
additional 2 Fe atoms per unit cell, which rules out variousmodels found in the literature.We conclude that our
observations align best with the structuralmodel originally proposed by Rustad et al [28], and highlight the need
for further theoretical study. Additionally, we explore the stability of Fe-rich surfaces. Our findings indicate that
the additional Fe atoms are highly sensitive to traceO2 in the environment, resulting in the formation of FexOy

Figure 1.Models for the Fe3O4(001) surface. (a)Perspective and top views of the subsurface cation vacancy (SCV) structure.
Octahedrally coordinated Fe atoms (Feoct) are depicted in dark blue, tetrahedrally coordinated Fe atoms (Fetet) in cyan, and oxygen
atoms in red. The positions of the subsurface Feoct vacancies are indicated by black circles, while the interstitial Fe atom (Feint) is
markedwith a green circle. In the top view, the black star denotes the typical adsorption site formetal adatomswithin the
reconstructed surface unit cell. (b)Top view of the structure proposed by Rustad et al [28], which contains two additional Fe atoms per
unit cell compared to the SCV surface. The Fe atoms of the octahedral pair, also known as the Fe dimer, are highlighted in yellow. (c)
Top view of the octahedral pair structure proposed byNovotny et al [32], which contains three additional Fe atoms per unit cell. The
Fe atoms of the octahedral pair (Fe dimer) are highlighted in yellow.
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clusters. Furthermore, we observe that Fe-rich terminations become unstable above 523 K as the excess Fe
diffuses into the bulk.

2. Experimental details

STMandXPS experiments were conducted in aUHV systemwith a base pressure of< 1× 10−10mbar. The
STMmeasurements were carried out at room temperature using anOmicron tripod-scanner STMwith
electrochemically etchedW tips in constant currentmode imaging empty states with a positive sample bias at
300 K. The images were processed to remove outlier pixels (‘salt and pepper noise’) by replacing themwith the
median of the adjacent pixels and corrected for distortions due to drift and creep of the piezo scanner [48]. XPS
measurements were done using a non-monochromatic Al Kα x-ray source and a SPECSPhoibos 100 analyzer.
Additional XPSmeasurements were conducted in a second chamber described in detail previously [49]. These
measurements utilized a SPECSXR50MAlKα x-ray source, a Focus 500monochromator, and SPECS
PHOIBOS 150 analyzer, which provided improved resolution. The trends observed in themeasurements were
identical in both chambers, andwe thus show the high-resolutionXPS results in this paper.

The samples used in the present workwere Fe3O4(001) single crystals (6 mm×6 mm× 1 mm) of natural
origin obtained fromSurfaceNet GmbH. The crystals weremounted onto Ta sample plates using Ta clips, which
uniformly press the sample at the periphery of the corners and arefixed by spot-welding to the Ta plate. A gold
foil between sample andTa plate ensured optimumheat conductivity. The sample was cleaned inUHVby 1 keV
Ar+ sputtering at room temperature for 20 min followed by annealing at 873 K for 15 min.Once no
contamination could be detected byXPS in theC1s region, the sample was annealed inO2 (5× 10−7mbar) at
873 K for 15 min. Annealing inO2 leads to the growth of a pristine and uniform SCV reconstructed surface [50]
with a low density of defects like domain boundaries [51], Fe adatoms or unreconstructed unit cells [52].

Fe was evaporated onto the Fe3O4 sample at room temperature from a 2mm-thick rod (99.99+%,MaTeck
GmbH) using anOmicron electron beam evaporator. The deposition rate was calibrated using a quartz crystal
microbalance. Onemonolayer (ML) is defined as one atomper (√2×√2)R45° unit cell, which corresponds to
1.42×1014 atoms cm−2.

3. Results

3.1. Fe deposition: from adatoms to the Fe octahedral pair surface
Figure 2 shows STM images of the Fe3O4(001) surface acquired after depositing different coverages of Fe onto
the freshly prepared SCV reconstructed surface at room temperature. After deposition of 0.2MLof Fe
(figure 2(a)), themain new species are Fe adatoms [32]. These appear as single, bright protrusions between the Fe
rows (some are highlighted by green ovals). The appearance of the Fe protrusions is similar to othermetal
adatoms such as Ag, Pd andAu [47, 53, 54], and is consistent with the adsorption sitemarked by a star in
figure 1(a). The adatoms seem to be randomly distributed, but can be located in rather close proximity, often
diagonally with respect to the Feoct rows. This suggests a preferential occupation of antiphase domain
boundaries [51] in the SCV reconstruction. A second group of features, highlightedwith yellow circles in
figure 2(a), appear as a pair of protrusions located on opposite iron rows. By analogywith previous results
obtained for the 3d transitionmetalsNi, Co, Ti, and Zr [46], we propose these result from the incorporation of
an additional Fe atom in the subsurface layers. Specifically, the additional Fe atomoccupies one of the subsurface
Feoct vacancies of the SCV reconstruction, which then induces the Feint tomove and occupy the neighbouring
vacancy. This locally restores the bulk-like spinel structure.Hereafter, we refer to these defects as
unreconstructed unit cells. Quantitatively, the total number of Fe adatoms amounts to 0.05–0.1ML. The
unreconstructed unit cells account for only a fraction of the ‘missing’ coverage, although determining their
density is challenging due to their smeared-out appearance, especially if they are close to other protrusions.
Nevertheless, the total number of observable Fe does not add up to 0.2ML. This suggests that the (sub)surface
can accommodate Fe in an additional site which is not observable by STM.

After deposition of 0.6MLFe (figure 2(b)), the number of adatom features remains approximately the same
as for 0.2ML. This again suggests adatomsmay be stabilized at (sub)surface defects such as unreconstructed unit
cells and antiphase domain boundaries, which has also been observed for lowwater andmethanol coverages on
Fe3O4(001) [52, 55]. In addition, a new configuration is observed in the STM images (red square): Small patches
of protrusions located between the Fe rowswith (√2×√2)R45° symmetry. These are lower in apparent height
than the Fe adatoms, and can be resolved into two protrusions with a suitable STM tip [32]. These are the ‘Fe
dimers’, or octahedral pairs, using our terminology. The apparent height of the neighbouring Feoct rows in this
structure is higher than in the SCV reconstruction.

3
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After deposition of 1.0ML (figure 2(c)), the unmodified SCV substrate remains visible in small patches, and
approximately half of the surface unit cells are populated by octahedral pairs exhibiting a local (√2×√2)R45°
symmetry. Similar to the original SCV reconstruction, there are only a few antiphase domain boundaries in the
(√2×√2)R45° lattice of the octahedral pairs. This suggests that the octahedral pairs do not emerge from large
(1× 1) areas, i.e. a large patch of unreconstructed unit cells, because this would lead to the nucleation of random
domains and an increased density of antiphase domain boundaries. Indeed, the small size of the patches of
octahedral pairs suggest they formquickly once there are a few unreconstructed cells in close proximity. In some
areas, single Fe adatoms coexist with octahedral pairs (green ovals infigure 2(c)) but the adatomdensity is still
low (around 0.05ML).

Figure 2(d) shows an STM image after deposition of 2MLFe onto the clean Fe3O4(001) surface. Here, the Fe
octahedral pair structure dominates. The (√2×√2)R45° symmetry is highlighted in the inset with a cyan grid
overlay. Gaps visible in the structure are frequently associatedwith domain boundaries that were probably
already present prior to Fe deposition. A small number of bright protrusions are also observed, whichwe
previously attributed to Fe clusters [32]. In section 3.3, wewill argue that these are FexOy clusters, which form
due to a reaction of the Fe octahedral pairs andO2 remaining in the residual gas after sample preparation.

The reduction of the surface due to Fe deposition (2ML) is visible inXPS Fe2p andO1s core level spectra
shown infigure 3. For the clean SCV reconstructed surface (black), the dominant contribution to the Fe

Figure 2.Room-temperature STM images (a-c: 30× 30 nm2, d: 20× 20 nm2) of different coverages of Fe on the Fe3O4(001) surface
deposited and imaged at 300 K.Nominal Fe coverages are (a) 0.2ML, (b) 0.6ML, (c) 1ML and (d) 2ML. Fe initially adsorbs as
adatoms (green ovals) and incorporate in the subsurface (yellow circles). At coverages of 0.6ML and higher, Fe also forms areas with
octahedral pairs (also named ‘Fe dimers’; red rectangles), which dominate at high coverages. The (√2×√2)R45° symmetry is
highlighted in the inset with a cyan grid overlay. Tunneling conditions (sample voltage and tunneling currents): (a)+1.9 V/0.2 nA,
(b)+1.7 V/0.3 nA, (c)+1.9 V/0.3 nA, (d)+1.5 V/0.3 nA.
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spectrum comes from the Fe3+ cations, since this is the only oxidation state present in the four outermost layers
[30]. The characteristic Fe3+-related shake-up satellite peak is clearly present at∼718.5 eV. The surface
dominated by Fe octahedral pairs (orange) exhibits an enhanced Fe2+ component at 708.7 eV, apparent as a
shoulder in the Fe2p3/2 peak, as well as increased intensity at the Fe

2+-related satellite peak at≈715 eV [56–58].
The clean Fe3O4(001) surface exhibits a slightly asymmetricO1s peak at 530.1 eV due to the lattice oxygen in
magnetite as reported previously [59–61]. For the octahedral Fe pair surface, the peak shifts 0.2 eV to higher
binding energy and exhibits increased intensity in the range 532–533 eV.

3.2. Thermal stability of the Fe-rich surface
To evaluate the thermal stability of the Fe-rich surface, temperature-dependent XPS experiments were carried
out. The Fe2p andO1s electron photoemission spectra were recorded after depositing 2MLof Fe on the clean
Fe3O4(001) surface and subsequently annealing to progressively higher temperatures (figure 3). Spectra were
taken at room temperature after the sample had cooled down.

As the sample is annealed at progressively higher temperatures (blue, green and yellow), the intensity
contribution fromFe2+ cations decreases (the shoulder around 708.7 eV and the satellite feature at 715 eV).
After heating to 520 K, the spectra again resemble those for the SCV surface (black and yellow). Similarly, the
O1s gradually shifts with higher temperature treatment (blue, green, and yellow) from the high binding energy
position of the Fe octahedral pair surface (orange) to lower binding energies. After heating to 520 K, the lattice
oxygen peak recovers its original position at 530.1 eV. These changes are related to the diffusion of the excess Fe
into the bulk and the recovery of the SCV reconstruction [8]. This conclusion is consistent with STMresults: The
surface retains the octahedral pair configuration until 523 K, and annealing at higher temperature showed a
characteristic Fe3O4(001)-(√2×√2)R45° surface (see SIfigure 1).

3.3. Fe deposition at room temperature: effect of residual oxygen
In a previous study [32], we deposited Fe on Fe3O4(001) and observed a significant number of bright protrusions
to coexist alongside the octahedral pair surface. At that time, we attributed these features to the build-up of
metallic Fe that could not be accommodated in the surface [32]. In the course of this study, we initially observed
such clusters already at very low coverages. By precisely controlling the amount ofO2 in theUHVchamber, it
became evident that the clusters resulted from a reaction between deposited Fe atoms and residualO2 present in
the gas phase.WhileO2 is not typically amajor component of the residual gas, it occurs here as a consequence of
thefinal oxidation treatment used to prepare a clean Fe3O4(001) surface (see section 2, Experimental Details).
We demonstrate the effect ofO2 infigure 4. Figure 4(a) shows the Fe3O4(001) surface that results when Fe
depositionwas performedwith 1× 10−9mbarO2 intentionally leaked into theUHVchamber. Figure 4(b), in
contrast, shows an STM image acquired after the same amount of Fewas deposited, butwith several titanium
sublimation pump (TSP) cycles run prior to Fe evaporation. TheTSP is particularly effective for reducing the

Figure 3. Fe2p andO1sXPS spectra comparing the SCV and octahedral pair terminations of Fe3O4(001). Spectra from the SCV
reconstructed surface are coloured black, while those acquired following the deposition of 2MLl Fe at 300 K are orange. Subsequently,
a series ofmeasurements were taken after heating to progressively higher temperatures to assess the thermal stability of the octahedral
pair structure: 472 K (blue), 500 K (green), and 520 K (yellow). Allmeasurements were conducted at 300 K.
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partial pressure ofO2 towell below 1× 10−10mbar. The density of bright protrusions infigure 4(b) is drastically
reduced compared tofigure 4(a).Wefindno evidence ofmetallic Fe inXPS in either case (see section 3.4) andwe
thus conclude that the bright protrusions are FexOy clusters formed through the oxidation of excess Fe by
residualO2. For the investigation of Fe surface species and octahedral pairs infigures 2–4,O2was always
removed to the greatest possible extent prior to Fe deposition.

3.4. Fe-rich (001) surface: reactivity to oxygen
To investigate how the FexOy clusters formed, we prepared a surface containing Fe adatoms, unreconstructed
unit cells, and patches of octahedral pairs (0.6MLdeposition, see figure 2(b)).We then recorded STM images on
the same sample area while exposing the sample to 3× 10−9mbar ofO2. Figure 5 contains two panels (a and b)
acquired fromdifferent regions of the surface. Each panel has six sequential frames from the STMmovie. Panel
(a) focuses on the behaviour of Fe adatoms. Between frame 1 and 4 (corresponding to a time span of 22 min), the
surface features remained unchanged. In frame 5, the three adatoms near the Fe adatom labelledwith the red
circle are replaced by a cluster, which is indicatedwith the cyan arrow.No further changes are observed
subsequently in frame 6.

In panel (b) offigure 5, the green square highlights a small patch of Fe octahedral pairs. Similar to Fe adatoms
(figure 5(a)), the presence of oxygen leads to the formation of a cluster between frames 5 and 6. The
phenomenon of adatom sintering induced by adsorbates has been observed previously for othermetals on the
Fe3O4(001) surface, for COonPd and Pt adatoms as well as forO2 onRh adatoms, where oxidized clusters
(RhxOy)were found [54, 62, 63].

The oxidation of the Fe-rich surface due toO2 exposure is also evident in XPS. Figure 6 shows Fe2p (a) and
O1s (b) core level spectra for the clean surface (black), the octahedral Fe pair surface (orange), after exposure to
10 Langmuir (L) ofO2 (blue), and subsequent annealing to 472 K (green) and 950 K (yellow). After the
octahedral Fe pair surface is exposed to 10 L ofO2, the spectrum loses the Fe2+ component at 708.7 eV aswell as
the satellite peak at 715 eV, indicating the oxidation of Fe2+ to Fe3+. For theO1s region, the latticeOpeak
recovers the position for the clean Fe3O4(001)-(√2×√2)R45° surface at 530.1 eV afterO2 exposure. Subsequent
annealing to 472 K and 950 Kdoes not induce any significant changes of the XPS spectra with respect to the
oxidized surface.

4.Discussion

Evaporating Fe onto the Fe3O4(001) surface is an elegantway to steer the degree of reduction on iron oxide
surfaces, effectively creating amodel system in amore reduced environment. The results of this work suggest
that Fe deposited onto Fe3O4(001) at room temperature can exist in three distinct configurations: At low
coverages (0.6ML), isolated Fe adatoms are present at a constant coverage of 0.05–0.1ML. At higher coverage,
deposited Femoves to subsurface sites, which locally lifts the (√2×√2)R45° reconstruction. The discrepancy

Figure 4. (a) STM image (27× 27 nm2,Vsample=+1.5 V, I= 0.3 nA) after deposition of 2MLFe at 300 KwithO2 in the background
(1×10–9mbarO2 during deposition). (b) STM image (27× 27 nm2,Vsample=+1.6 V, I= 0.3 nA) after deposition of 2MLFe
(deposition of Fewithout oxygen after TSP cycles) at 300 K.
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between the amount of Fe deposited and the density of species observed suggests that theremay be additional
vacancies beneath the SCV reconstruction. This would not be surprising, because the sample is oxidized in the
last step prior to Fe deposition, and it is known that this treatment leads to the growth of new Fe3O4(001) layers
using Fe supplied by the sample selvedge [50]. The amount of additional vacancies is in principle limited only by
the eventual oxidation of all Fe2+ to Fe3+ and the formation of γ-Fe2O3 (maghemite). Both Fe3O4 and γ-Fe2O3

are based on the spinel structure, but γ-Fe2O3 has vacancies in the octahedral Fe sites.
As the coverage is increased, patches of octahedral pairs nucleate. After the deposition of 2ML, the surface is

almost entirely covered by octahedral pairs (figure 2). Although the nucleationmechanism cannot be directly
derived fromour results, the fact that the octahedral pairs initially appear in patches suggests a self-assisted
growth, i.e. formation of one octahedral pair assists the formation of further pairs in its proximity.Moreover,
isolated octahedral pairs were hardly observed, suggesting the processmay actually require the neighbouring
unit cell to also contain excess Fe.

The octahedral pair surface prepared by Fe deposition is not thermally stable, because the excess Fe diffuses
into the bulk uponmild heating, leading to the recovery of the SCV reconstruction. It is likely that our oxidative
treatment of the sample prior to Fe deposition contributes to this instability, because the sample selvedgewill
contain some degree of vacancies in the octahedral Fe lattice. As such, the degree of reduction and hence the
termination of Fe3O4(001)will always be a function of sample history. Bulkmobility of Fe in Fe3O4 already
occurs around room temperature, but oxygen exchange between the sample and the gas phase is limited. This
means that the termination of Fe3O4 surfaces is not only a function of the oxygen chemical potential applied
during the final preparation step, as onemight expect when viewingDFT-derived surface phase diagrams. This
idea is consistent with the reports of stable Fe-rich terminations occurring on Fe3O4(001) thin films that were
grownon Fe buffer layers onMgO(100) [36] and Pt(100) [33]. The spinel lattice can also host excess Fe cations in
interstitial sites, and it is likely that an Fe-rich sample bulkwill be reflected in an Fe-rich termination. As the Fe

Figure 5. Imaging the effect ofO2 exposure on an Fe-rich Fe3O4(001) surface. (a) Sequential frames from an STMmovie (7.6× 7.6
nm2, Vsample=+1.7 V, I= 0.3 nA) acquired during exposure to 3× 10−9mbarO2. The red circle in (a)marks the same adatom in all
frames of (a). Between frames 4 and 5, four nearby Fe adatoms agglomerate and form an FexOy cluster (indicated b the cyan arrow). (b)
Sequential frames selected from a different area of the same STMmovie (7.6× 7.6 nm2, Vsample=+1.7 V, I= 0.3 nA). In this case, a
small patch of the octahedral pair termination (green box) forms an FexOy cluster between frames 5 and 6.
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content is increased, Fetet cations are replaced by two Feoct cations until FeO stoichiometry is reached, and all Fe
is Fe2+ in Feoct sites. FeO (wurtzite) and Fe3O4 (spinel) are based on a similar fcc oxygen lattice. Finally, we note
thatwe have observed that performingmany sputter/anneal cycles on single crystals without a post-oxidation
step also leads to an Fe2+ rich surface that remains stable up to significantly higher temperature than observed
here. Again, the Fe-rich sample selvedge leads to an Fe-rich termination at the surface.

Onemight think that the discussion above suggests that an Fe-rich sample of Fe3O4 could exhibit Fe-rich
terminations even in relatively oxidizing conditions.However, our results suggest that this is probably not the
case. Even at room temperature, exposure to small amounts ofO2 gas leads to the formation of small FexOy

clusters. This hampered our attempts to create an ideal termination of octahedral Fe pairs in our previous study
[32], and illustrates that the octahedral pair terminationwould not be stable in ambient conditions.

Finally, it is interesting to revisit the structure of the octahedral pair surface in the light of the discovery of the
SCV structure. The fact that a saturation coverage of octahedral pairs is achieved at a coverage of 2ML implies
that this structure contains 2 additional Fe atoms per (√2×√2)R45° unit cell. Thus, themodel favoured in
figure 3(c), whichwould require 3 additional atoms (one to lift the reconstruction, and another two for the
octahedral Fe pair itself) is likely incorrect. Similarly, themodel proposed in [36, 37] and computed in [64] is also
ruled out as it features two additional Fe atoms on an otherwise bulk-truncated surface. One possible solution
would be that the SCV reconstruction remains in the subsurface layers, and the two additional Fe atoms are
simply accommodated on top of one surface unit cell.We consider the structure proposed by Rustad et al [28] to
bemore consistent with the coverage dependent behaviour observed here, because the octahedral pairs seem to
formwhen additional Fe is added to a surface containing unreconstructed unit cells. In any case, our results
suggest that an update of the Fe3O4(001) phase diagram in reducing conditions is required.

5. Conclusions

The octahedral Fe pair termination of Fe3O4(001)was prepared by evaporating Fe onto the
Fe3O4(001)-(√2×√2)R45° surface at room temperature. At low coverage, excess Fe is accommodated as
adatoms and via incorporation into the subsurface cation vacancies present in the SCV reconstruction. Adding
two Fe atoms per (√2×√2)R45° surface unit cell leads to a surface almost entirely covered in the octahedral Fe
pair (previously called ‘dimer’) reconstruction. Fe-rich surfaces including a complete octahedral Fe pair
termination are found to be unstable above 523 Kunder our conditions; excess Fe diffuses into the bulk leading
to the recovery of the SCV reconstruction. Similarly, the octahedral pair termination is unstable in the presence
of gaseousO2 against the formation of small iron oxide clusters.

Figure 6. Fe2p andO1sXPS spectra acquired from the as-prepared Fe3O4(001)-(√2×√2)R45° SCV surface (black), and following
the deposition of 2ML Fe at 300 K (orange). Additional spectra show the effect of exposing the surface to 10 LO2 (blue), and annealing
to 472 K (green) and 950 K (yellow). Allmeasurements were conducted at 300 K. The spectra are offset in the y-direction for clarity.
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