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ABSTRACT

We have investigated the structure of an ultrathin iron oxide phase grown on Ag(100) using surface x-ray diffraction in combination with
Hubbard-corrected density functional theory (DFT+U) calculations. The film exhibits a novel structure composed of one close-packed layer
of octahedrally coordinated Fe** sandwiched between two close-packed layers of tetrahedrally coordinated Fe** and an overall stoichiometry
of Fe3Oy4. As the structure is distinct from bulk iron oxide phases and the coupling with the silver substrate is weak, we propose that the phase
should be classified as a metastable two-dimensional oxide. The chemical and physical properties are potentially interesting, thanks to the
predicted charge ordering between atomic layers, and analogy with bulk ferrite spinels suggests the possibility of synthesis of a whole class of
two-dimensional ternary oxides with varying electronic, optical, and chemical properties.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142558

I. INTRODUCTION

Due to their abundance, low cost, and relatively low envi-
ronmental impact, iron oxides are attractive materials for imple-
mentation in optical, electronic, and magnetic applications, which
presently rely heavily upon rare, expensive, and/or toxic elements."”
Although among the oldest functional materials known, the pro-
duction of iron oxides with nanoscale dimensions—and conse-
quent novel properties—creates opportunities for applications in
new areas. Nanoscale iron oxides have shown promise for use in
supercapacitors’ and lithium-ion batteries,” biomedical applications
and catalysts,3 and magnetic devices,” for example.

The reduction in dimension to the nanoscale gives increasing
importance to iron oxide surfaces in determining material proper-
ties, and recent studies have begun to provide a detailed atomistic
picture of these surfaces. The effects of reduced coordination
environment, relaxation, and accommodation of potential non-
stoichiometry combine to yield surfaces whose properties may differ

substantially from those encountered in the bulk. When thickness
is reduced to the atomic scale, the “bulk” of the material is elimi-
nated, and the films must be considered distinct phases with their
own properties.” '’ Interest in 2D materials has increased recently,’
and a wide variety of materials, including many metal oxides,"
have been produced in ultra-thin form, usually by exfoliation of
layered bulk materials. Especially where 2D materials are formed
from compounds that are not inherently layered in the bulk (includ-
ing the iron oxides, of which a 2D phase produced by exfoliation
was recently reported'’), it is of considerable importance to under-
stand how the drastic change in bonding environments at reduced
dimensions affects the structure as well as the chemical and physical
properties.

Monolayer FeO films have been studied for decades,'* " and
although they show a superficial resemblance to rocksalt-structured
FeO(111), it has become clear that the monolayer is a distinct
phase whose properties cannot be explained by reference to the
bulk-terminated FeO surface. FeO monolayers on platinum are
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stabilized by relatively strong film-substrate interactions, modify-
ing their properties substantially. The most prominent result of this
stabilization is the possibility for the so-called coordinatively unsat-
urated ferrous (CUF) sites occurring at the edges of FeO islands,
which have been shown to activate O, in catalytic oxidation reac-
tions.'" ' The reversible intercalation of oxygen to form an FeO,
trilayer phase’” is a further manifestation of this. In contrast, FeO
grown on silver surfaces, where film-substrate interactions are sig-
nificantly weaker, shows characteristics different from Pt-supported
films and from bulklike FeO(111), instead resembling those of the
truly two-dimensional unsupported phase.”’

Previous experiments”*" studying the growth of iron oxides
on silver surfaces identified an additional ultrathin phase forming
under conditions with higher O, pressures, which has somewhat
puzzling characteristics: although exhibiting a surface structure sim-
ilar to FeO(111) and to monolayer and multilayer FeO films grown
on a variety of metal substrates previously, >** " core level spectro-
scopies indicate instead a mixed-valence compound incorporating
both Fe** and Fe®*. It was proposed™ that a thin (111)-oriented
section of rocksalt FeO composed of three close-packed Fe layers
and four close-packed O layers—giving an overall composition of
Fe304—could explain the observations. The presence of a large pro-
portion of Fe** and the (presumed) absence of a net electrostatic
dipole in such a structure suggest that its electronic and chemical
properties should differ substantially from those of bulk-terminated
FeO(111), magnetite Fe3O4, or monolayer FeO.

In this contribution, we report the results of a combined sur-
face x-ray diffraction (SXRD) and density functional theory (DFT)
study aimed at determining the structure of this phase. Our results
confirm that the structure is based on close-packed Fe and O layers
and show that it is not derived from rocksalt FeO. Instead of the pure
octahedral stacking seen in the rocksalt phase, the Fe3O4 nanosheets
are composed of one central layer of octahedral Fe and two outer
layers of tetrahedral Fe.

Il. METHODS

A. Experiments

STM measurements were performed in ultra-high vacuum at
room temperature using an Omicron STM-1 microscope at the
Department of Physics, Lund University. XPS and NEXAFS spec-
tra were acquired at beamline 1311 at the MAX-II synchrotron,
MAX IV Laboratory, Lund. For details of these experiments, see
Ref. 26.

SXRD measurements were performed at beamline 107 at the
Diamond Light Source using an ultra-high vacuum system installed
at Experimental Hutch 2.”' The Fe;O4 sheets were grown, follow-
ing a procedure established previously,” by the deposition of iron
from an electron-beam evaporator in a background pressure of
1 x 107> mbar O, followed by vacuum annealing at 400 °C. The
structure was checked by LEED and STM prior to XRD measure-
ments, which were performed in a directly attached chamber of
the UHV system. In-plane and out-of-plane XRD scans were made
using a Pilatus 100 K area detector and a fixed incident angle of
0.2°. To obtain intensities for the diffraction rods, we performed
0 scans with the detector fixed for a series of out-of-plane angles.
The collected stacks of images represent a 3D map of the reciprocal
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space, from which 2D slices through the rods at different L values
were extracted. Intensities were extracted by 2D peak fitting of these
slices, which allowed separation of intensity corresponding to the
diffraction rod from the background.” Raw intensities were con-
verted to structure factors after the application of the appropriate
Lorentz and polarization corrections.”” X-ray structure factors for
model structures were computed directly in the kinematic approxi-
mation (after the work of Vlieg'*), taking into account the symmetry
of the substrate, which results in mirrored domains with overlapping
diffraction rods. The slight undulation of the film caused by moiré
coincidence was neglected here, as its main influence is expected to
be a somewhat increased Debye-Waller parameter. For fits based
on DFT structural data, only the overall intensity and Debye-Waller
factor were varied.

B. Density functional theory modeling

The DFT+U modeling was conducted using the Vienna
ab initio simulation package (VASP).””* To describe the electron-
ion interaction, we adopted the projector augmented wave (PAW)
method®”* (PAW, electronic valence configurations: 2522p4,
3p°3d74s', 3p°3d’4s%, 3p°3d®4s*, and 4p°4d'°5s' for O, Fe, Co,
Ni, and Ag, respectively) with the exchange-correlation functional
approximated within the Perdew, Burke, and Ernzerhof (PBE) for-
malism.”" For calculations of adhesion energies, the Grimme-D2
method"” was used to include an estimate of van der Waals inter-
actions. To account for the magnetic properties and the strong elec-
tronic correlation of the Fe/Co/Ni d-states, we utilized a collinear
spin modeling approach in tandem with the rotationally invariant
Hubbard correction approach suggested in Ref. 43. The effective
Hubbard parameters for Fe and Co, Ugr = U — ], were chosen to
be 4.2 eV and 4.0 eV, respectively. With these choices, the gaps
between highest occupied and lowest unoccupied 3d states match
the experimental bandgaps of the bulk rocksalt phases.”**” For Ni,
the effective Hubbard parameter was chosen as 4.6 €V, in accordance
with reported data in the literature."’

The electronic Kohn-Sham orbitals were expanded in plane
waves and the reciprocal space was discretized by means of
a T-centered k-point grid generated using the Monkhorst-Pack
method.”” The cutoff kinetic energy and k-point grid size were con-
verged with respect to the ground state energy of the stoichiometric
bulk FeO rocksalt. Thus, it was represented by a hexagonal supercell
as in Ref. 46 such that an anti-ferromagnetic type II spin variation
along the [111]-direction could be obtained. It was found that a
plane wave cutoff of 650 eV and k-point grid of 12 x 12 x 3 resulted
in a total energy convergence better than 5 meV/FeO-unit.

For modeling the free-standing and supported films, the same
parameters as for the rocksalt bulk phase were used except that a
planar k-point mesh commensurate with that of the hexagonal cell
was utilized along with dipole correction to reduce periodic artifacts
emanating from dipole interaction across the periodic cell bound-
ary.” To further ensure that the films were not affected by the peri-
odicity, we studied how the ground state energy varied with the out-
of-plane vacuum dimension. The results showed that a vacuum of
6 A or larger yielded a convergence accuracy of 1 meV/Fe;O4-unit.
Hence, we made sure that it was larger than 8 A in our simula-
tions. For the charge segregation studies, we performed Bader charge
analyses” using the open-source software BADER.”
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lll. RESULTS
A. Experimental characterization

As discussed previously,” deposition of iron onto Ag(100) in a
sufficiently low background pressure of O (2 x 107 mbar) followed
by UHV annealing results in the formation of an FeO monolayer
with a hexagonal, boron nitride type structure with a mean Fe-Fe
spacing of about 3 A. When higher oxygen pressures are used or
when the FeO monolayer is oxidized and annealed, a new type of
structure is formed, which exhibits a similar in-plane periodicity,
but is thicker than the monolayer. Figure 1(a) shows islands of this
new multilayer phase prepared by depositing in 5 x 10~® mbar O,
followed by annealing at 400 °C. The phase consists of hexagonal
islands with a wavy height profile due to the moiré-type coincidence
of the 3.1 A lattice parameter with the underlying Ag(100) substrate.

Figure 1(b) shows an STM image of FeO./Ag(100) prepared
using an intermediate O, pressure (1 x 10™° mbar) where mono-
layer FeO coexists with islands of the new structure, and an extracted
height histogram from this image is shown in Fig. 1(c). Aside from
the monolayer at 1.3 A, two different apparent heights are observed
at 3.1 A and 4.7 A. These are assigned to structures incorporat-
ing 2 and 3 Fe layers, respectively, as well as an additional oxygen
layer, to give overall compositions of Fe;O3 and Fes3Oy, as indi-
cated schematically in Fig. 1(d). Due to embedding of islands in
the silver surface, whose steps become quite mobile at the temper-
atures used for annealing, we could not determine directly the dis-
tribution of 2-layer and 3-layer islands in the preparation shown in
Fig. 1(a), but based on the approximate threefold reduction in the
area fraction of the film relative to the monolayer, the 3-layer Fe3O4
structure appears predominant. As will be discussed below, SXRD
measurements are consistent with a 3-layer structure, with likely
contributions of the 2-layer structure as a minority phase. XPS and
XAS measurements of the FeO monolayer and multilayer structures,

ARTICLE scitation.org/journalljcp

FIG. 1. (a) Large-scale and atomic res-
olution STM images of multilayer FeOy
grown on Ag(100) in 5 x 10~ mbar
0,. Hexagonal and centered-rectangular
unit cells are marked in the atomic-scale
image and correspond to the reciprocal-
space cells in Fig. 3. (b) STM image of
FeOy islands on Ag(100) after Fe depo-
sition in 1 x 10~% mbar O, followed
by annealing. (c) Height histogram from
image (b) showing the apparent heights
of the three types of islands imaged.
These are interpreted as incorporating
one, two, or three close-packed Fe lay-
ers and are assigned to FeO, Fe; 03, and
Fe304, respectively. (d) Schematic mod-
els of the three structures. Data originally
reported in Ref. 26.

prepared similarly as those characterized by STM, but subjected to
post-annealing at a higher temperature of 600 °C, are shown in Fig. 2
together with the corresponding LEED patterns. The spectra (also
discussed previously’”’) indicate a combination of Fe*" and Fe**,
consistent with the proposed Fe3O4 composition.

Fe 2P3/2-

Intensity

715 710 705
Binding energy (eV)

~
Nrr
o

Intensity

534 532 530 528 526
Binding energy (eV)

Intensity

706 708 710 712 714
Photon energy (eV)

FIG. 2. LEED patterns of (a) monolayer FeO and (b) the Fe3O4 multilayer phase
as characterized by XPS/XAS. Both indicate a ~3 A hexagonal lattice (large dia-
monds) and characteristic reflections due to the moiré coincidence structures. (c)
Fe 2p XPS, (d) Fe-Ls NEXAFS, and (e) O 1s XPS spectra for the two surfaces.
Data originally reported in Ref. 26.
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To gain more insight into the structural details of the mul-
tilayer phase, we performed SXRD measurements using a similar
Fe304 film grown in situ in the UHV system installed at the beam-
line.”" A reciprocal space map of the Fe;O4/Ag(100) structure is
shown in Fig. 3(a), with an inset showing the corresponding real-
space unit cell. Atomic rows of Fe;Oy are aligned with those of the
substrate, breaking the hexagonal symmetry of the structure, and for
this reason, a centered-rectangular unit cell was chosen for model-
ing. Measurement of the in-plane diffraction angles for the Fe3O4
rods yields unit cell dimensions of 3.13 A and 5.45 A, giving a mean
in-plane Fe-Fe distance of 3.14 A, consistent with STM and LEED
measurements. This lattice constant is contracted relative to mono-
layer FeO/Ag(100) (~3.25 A), but expanded by about 3% relative
to bulk wiistite Fe;—,O (3.04 A)Z. The in-plane width of the rods
indicates island diameters in the range of 15-20 nm.

Out-of-plane SXRD scans measured along two of the Fe3O4
diffraction rods are plotted in Figs. 3(b) and 3(c). The essential fea-
tures of the film structure can be deduced by the comparison of these
curves with the calculated structure factors for simple models com-
posed of close-packed layers of Fe atoms only, plotted together in the
same panels. The major features of the XRD patterns are dominated
by scattering from Fe due to its larger atomic number. The patterns
of maxima and minima in the measured curves correspond well to
those of the 3-layer Fe film with fcc stacking and rule out structures
with hcp stacking.

From this qualitative comparison, the measurements appear
to support a rocksalt model based on wiistite FeO, which exhibits
the same cubic stacking in the Fe sublattice seen here. However, a
significant discrepancy is apparent if we consider the layer spacing
implied by the diffraction patterns. The simulated structure factors
in Figs. 3(b) and 3(c) were calculated assuming a layer spacing cor-
responding to FeO, 2.5 A. The experimental curves are contracted

ARTICLE scitation.org/journalljcp

in reciprocal space by about 15%, implying a corresponding 15%
expansion in the layer spacing, to about 2.9 A [dashed lines and
arrows in Figs. 3(b) and 3(c)]. If the octahedral stacking of the rock-
salt phase were maintained, this would imply a significant increase
in Fe-O bond length to about 2.3 A average. For reference, bond
lengths in bulk iron oxides (FeO, Fe3 Oy, a-Fe;O3) range from 1.88 A
(Ferer in Fe304) to 2.16 A (Fe, in FeO), with shorter bonds gener-
ally observed for the oxides containing Fe**.”" ** The assumption
of a rocksalt structure for the film thus implies the presence of
anomalously long Fe-O bonds, with no obvious physical cause.

A more reasonable explanation for the large interlayer distance
is a change in coordination geometry. A change from octahedral
stacking in the dense rocksalt structure to tetrahedral stacking in the
more open zinc blende structure would result in an increase in the
linear dimension of 15.5%, assuming fixed bond lengths. Consistent
with this, models of the Fe;O4 film with tetrahedral coordination
and the lattice parameters determined by SXRD exhibit Fe-O bond
lengths in the range of 1.9-2.1 A, consistent with expectations based
on other iron oxide phases. Although the zinc blende and wurtzite
structures are not stable bulk phases for FeO, there is some precedent
for the formation of tetrahedral Fe in close-packed layers. A study of
relatively thick films of FeO(11 1)”* showed that Fe cations at the sur-
face adopt tetrahedral coordination, produced by the introduction
of a stacking fault. A similar stacking fault and change to tetrahedral
coordination were observed for CoO(111).”” Given the very small
thickness of the Fe;O4 sheets studied here, it appears plausible that
tetrahedral iron should also be present.

B. Density functional theory calculations

To confirm that the Fe;Oy4 sheets incorporate Fe in tetrahe-
dral coordination and to resolve the details of this structure, we

: ; .
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FIG. 3. (a) Reciprocal space map of the hexagonal Fe30, phase showing the positions of diffraction rods relative to the Ag(100) substrate (dashed lines). Alignment of atomic
rows of the oxide with those of the substrate results in four inequivalent domains that produce two sets of non-overlapping rods. Inset shows the centered-rectangular unit cell
corresponding to that in the reciprocal space map. The reciprocal-space unit cells marked here correspond to those indicated in the atomic-scale STM image in Fig. 1(a). [(b)
and (c)] Measured structure factors for the (1,1) and (3,1) rods, respectively, along with calculated structure factors for simplified models consisting of close-packed sheets of
Fe, with layer spacing corresponding to that in FeO(111), 2.48 A. The dashed lines indicate the discrepancy between the measured positions of the primary maxima/minima

and those expected for 3 layers of bulklike FeO.
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performed a set of density functional theory calculations for differ-
ent structural models within the DFT+U framework."’ The films are
shown experimentally to exhibit a fully incommensurate interface
with the silver substrate, resulting in a large (approximately 16 x 12)
moiré-type supercell that is too computationally demanding to treat
explicitly. Therefore, as a first approximation, we modeled the films
as free-standing sheets in slab supercell geometry. The DFT+U
approach has been used widely in computational studies of bulk
iron oxides and ultrathin films in recent years* ™ and is a rea-
sonable approximation for these systems.” Several structures were
chosen for investigation, which incorporate 3 close-packed layers
of iron in fcc stacking and 4 layers of oxygen, placed in different
arrangements to yield phases with different combinations of octa-
hedral (“O”) and tetrahedral (“T”) coordination. The most relevant
phases are shown in Fig. 4(a). These include the purely octahedral
and tetrahedral phases based on rocksalt and zinc blende lattices, as
well as two hybrid structures incorporating two tetrahedral layers
and one octahedral layer.

The stabilities of the most relevant phases, according to DFT+U
calculations, are shown in Fig. 4(b), where total energy has been
computed as a function of the in-plane lattice parameter. The zinc
blende structure in which all Fe atoms are tetrahedrally coordinated
(resulting in a polar configuration with dangling, singly coordinated
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O atoms) is found to be much higher in energy (+2.43 eV/Fe3;04)
and is therefore omitted from the plot, as is the TTO phase, which
was unstable and converged to a TOO geometry (with a hcp-stacked
Fe lattice). The only structures found to be plausible candidates
were the rocksalt phase and the TOT phase, which is a symmetrical
structure incorporating an octahedral layer of Fe at the center and
tetrahedral layers at the surfaces. The TOT configuration is found
to be the most stable overall, about 0.27 eV/Fe;O4 lower than the
rocksalt phase. The calculated interlayer distance for the relaxed
structure is 2.91 A, which is in good agreement with the dimen-
sions deduced from SXRD. The calculated in-plane lattice parameter
for the TOT phase is larger than what is observed experimentally
by about 2%. We attribute this discrepancy to the tendency of the
PBE functional to overestimate lattice constants by 1%-3%."" The
Fe-O bond lengths are between 1.89 A and 1.91 A for Fes and
between 2.10 A and 2.18 A for Fe,y, which is consistent with ref-
erence data. The calculation predicts a slight breaking of octahedral
symmetry at these sites such that two Fe-O bonds are elongated with
respect to the other four, resulting in approximate Dyj, symmetry
locally. It is not clear whether this is a real effect or an artifact of
the unit cell and spin configuration. Depending on the exact place-
ment of the outermost oxygen layers with respect to the inner Fe
and O layers, which can resemble coordination in either wurtzite or

—TOT1
==-TOT1 + Fe,03
TOT2
—TOT3
— Rocksalt

F (arb. units)

0.0 0.5 1.0 15 2.0

L
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8 -
0
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2 0.27 eV/Fe;0,
Yoot 2r
TOT
0.0} L
; ; : . . . 0.0 0.5 1.0 1.5 2.0
3.00 3.05 3.10 3.15 3.20 3.25

Lattice parameter (A)

FIG. 4. (a) Structures investigated by DFT+U that are based on fcc iron stacking and close-packed oxygen layers. Depending on the oxygen stacking sequence, various
combinations of octahedral (O) and tetrahedral (T) metal coordination are present. The rocksalt and TOT phases were found to be significantly more stable than the others.
(b) Calculated energy for various phases as functions of the in-plane lattice parameter. [(c) and (d)] Structure factors calculated for the three different TOT models and for the
rocksalt model using coordinates from DFT calculations. Curves are fitted to the experimental data by varying only the intensity and Debye—Waller parameter. Also plotted is
the result of a fit where a minority contribution from a 2-layer Fe; O3 phase is added to that of the TOT1 phase (offset for clarity).
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zinc blende, three different TOT structures are possible, but these are
found to be very similar in energy. We denote as TOT?2 the structure
with zinc blende-like stacking, TOT3 the structure with wurtzite-like
stacking, and TOT1 the structure incorporating both. Models of the
three structures are shown in Fig. 4(a), with the difference in oxygen
layer placement highlighted.

In Figs. 4(c) and 4(d), we plot the experimental x-ray rod pro-
files with simulated curves for the TOT and rocksalt phases, with
structures determined from DFT+U. The simulation for the TOT1
phase is found to be in essentially perfect agreement with the experi-
ment. The TOT2 and TOT3 phases are slightly worse, with residuals
exceeding 10% of intensity assumed to be the uncertainty in the mea-
surement. For the rocksalt structure, agreement with the experiment
is very poor, both in terms of the positions of the minima/maxima,
linked to the interlayer spacing, and the shape of the (1,1) rod for
L < 1.5, the details of which are related to the positions of the oxy-
gen layers. The very good agreement of the calculation for the TOT
phases with the experiment, as well as their predicted stability, leads
us to conclude that this structure is present in the experiments. The
largest discrepancy between the measured and fitted rod profiles is
found near the minima of the (3,1) rod at L = 0.5 and L = 0.9. We
attribute this to the presence of the 2-layer Fe;O3 phase discussed
above. As shown in Fig. 3(c), a 2-layer structure exhibits a minimum
in this rod between those of the corresponding 3-layer phase so that
the magnitude of the oscillation in the apparent structure factor is
reduced in this range. This was verified by fitting the experimen-
tal data with the summed contributions of the TOT1 DFT structure
and a Fe, s structure, with the relative contribution and the Fe-Fe
interlayer spacing of the secondary phase as variable parameters. The
result of this fit, which used a mixed octahedral/tetrahedral coordi-
nation similar to the TOT phase, is plotted in Figs. 4(c) and 4(d).
The fit indicates a proportion of the 2-layer phase of about 20% and
an interlayer spacing of 2.75 + 0.1 A. Due to the relatively small
contribution of this phase to the overall diffraction signal, how-
ever, we do not believe that we can draw clear conclusions about its
structure.

Among the three TOT phases, TOT1 clearly shows the best
agreement with experiment, but due to the similarity in energy and
the fairly close reproduction of experimental diffraction intensities
by the TOT2 and TOT3 structures, we cannot exclude these with
confidence. We note further that a combination of these phases
might be formed, given the similarity in energy. In any case, calcula-
tions indicate that the effect of the difference in stacking, which does
not affect local coordination environments, on properties is small.
Ball models of the TOT1 Fe3Oy that best fits the experimental data
are shown in Fig. 5.

Fe304 is formally a mixed-valence compound with a compo-
sition of Fe?*Fe3*03™. In bulk form, it crystallizes in the inverse
spinel structure, with Fe** ions occupying tetrahedral sites and Fe**
and Fe’* ions occupying equivalent octahedral sites. Charge dis-
proportionation and ordering are observed at low temperature and
are responsible in part for the compound’s complex and distinc-
tive electronic and magnetic properties.” In the case of the Fe;O4
nanosheet considered here, the DFT+U calculations predict clear
charge segregation between sites with different coordination. The
Fes; exhibit more positive Bader charge (+1.66 e~ relative to an
isolated, neutral Fe atom) and larger magnetic moment (4.06 uB)
than the Feos (+1.41 e~ and 3.66 uB), consistent with assignment to
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FIG. 5. Ball models of the TOT1 phase found to best reproduce the diffraction
rod data. DFT+U calculations indicate that the central octahedral layer consists of
Fe?* while the outer tetrahedral layers are Fe®*. The computational surface cell is
indicated by a blue rectangle.
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high-spin Fe** and Fe** states, respectively, whose charge and
magnetic moments have been estimated from calculations of
FeO (+1.35 ¢7, 3.64-3.69 uB) and Fe; O3 (+1.82 ¢, 4.22 uB). Anti-
ferromagnetic ordering, with equal numbers up and down atoms in
each layer, was found to be most stable among those tested in our
unit cell. Details of the investigation of charge and spin distributions
will be described separately.”'

Figure 6 shows the total and projected densities of states calcu-
lated for the TOT1 Fe3Oy4 sheet with antiferromagnetic spin order-
ing. The DFT+U calculations predict a small, indirect bandgap of
0.3 eV separating filled 3d states on the central Fel sites from
empty 3d states at the outer Fej; sites. The smallest electronic exci-
tations are thus predicted, at this level of theory, to involve charge
transfer from the central octahedral layer to the outer tetrahedral
layers.

We also performed a set of calculations of Ag-supported Fe3Oy4
sheets to test the effect of the oxide—substrate interaction and ver-
ify that the unsupported model is a good approximation. Adhesion
energies, including van der Waals contributions, were computed
using an Ag(100) slab with an expanded lattice parameter match-
ing that of the Fe3;O4 sheet. As mentioned above and discussed in
Ref. 26, the real interface exhibits an incoherent moiré structure,
with regions where O atom rows are in phase with those of Ag
so that half are in on-top positions and regions where the O atom
rows are out of phase with Ag and where half reside above four-
fold hollow sites. In the rest of the structure, atoms reside above
bridge and intermediate sites. Depending on the interface geometry,
we find adhesion energies ranging from 0.2 eV to 0.4 eV per inter-
face Fe/O atom (0.4-0.8 J/m?), with the strongest bonding found
where O atoms are located directly atop Ag. The adhesion energy
for the real system should be intermediate between these values,
as the incommensurate interface exhibits a combination of these
bonding geometries. The value is significantly smaller than that cal-
culated for iron oxide monolayers on Pt (E,4, > 1 eV) and is even
smaller than that for FeO monolayers on Ag(100) (~0.5 eV, neglect-
ing van der Waals corrections).”* The calculations also show that the
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FIG. 6. Calculated total and projected densities of states for the TOT1 Fe3 Oy struc-
ture and analogous CoFe, O, and NiFe, O, formed by the substitution of the central
octahedral Fe layer with Co and Ni. Dashed lines mark the positions of the valence
band maxima. Energies are relative to the vacuum potential.

influence of the interface on the sheet’s electronic structure is minor,
and Bader analysis indicates a charge transfer of only 0.1 e~ per
interface O atom.

IV. DISCUSSION

Although showing similarity with bulk magnetite, in that a mix
of tetrahedral and octahedral coordination states is observed in both
cases, the structure of the ultrathin Fe3Oy4 phase is clearly unique.
The obvious question raised by these results is whether the Fe3Oy4
sheets can be synthesized in unsupported form or whether their
properties will be similar to the supported phase studied here—
reasonable criteria for designation as a 2D material, as opposed to
a surface oxide. Previous experiments involving FeO monolayers on
Ag(100) showed that such films already interact weakly with the sur-
face, exhibiting properties similar to those predicted for an unsup-
ported monolayer. For such monolayers, interaction with the sub-
strate is dominated by Ag-Fe bonds, causing the O layer to buckle
outward slightly. The Fe3Oy, sheets, on the other hand, expose an
oxygen layer to the substrate and exhibit a fully incommensurate,
large-period moiré coincidence structure. The calculated adhesion
energy is also comparable in magnitude to what has been reported
for graphene on copper.”” Based on both the experiment and the
DFT+U calculations, we conclude that the Fe;O4 phase interacts
even more weakly with the silver surface than the monolayer and
that the phase forms as a result of the inherent (meta-)stability of
the configuration and not due to specific interaction with the sil-
ver surface. We therefore expect it to be stable in free-standing
form as well and, aside from mechanical separation from the metal
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surface, could perhaps be produced by the reduction of Fe;O;
nanosheets.”

Although we cannot make strong claims regarding the
nanosheets’ properties at this point, these could be potentially inter-
esting and deserve further investigation. The distinct atomic lay-
ers in the structure inherently direct charge separation, and it is
expected that other metals substituted for iron as dopants should
strongly favor either the central or surface layers. Noting again that
the bandgap calculated for the film separates occupied states at the
Fe** layer from empty states at the Fe’" layer, one can hypothe-
size that substitution of the octahedral Fe atoms with Co or Ni,
which exhibit higher third ionization energies and form more stable
divalent oxides, would result in widening of the bandgap. Indeed,
DFT+U calculations predict this to be the case; densities of states
for CoFe;O4 and NiFe,O4 are plotted in Fig. 6. The computed
bandgap is increased to 1.0 eV and 1.5 eV for the cobalt- and nickel-
substituted sheets, respectively, as the occupied 3d states shift down-
ward. With bandgaps in the visible range and a high surface area,
these have potential for photochemical activity, for example. We
speculate that it should be possible to prepare a wide variety of 2D
ternary oxide phases of this type, with diverse properties that could
be useful in different applications.

It is noteworthy in this context that layered double hydroxides
(LDH) of iron and especially mixtures of iron and nickel are highly
active electrocatalysts for the oxygen evolution reaction.”’ These
LDH phases consist of single close-packed layers of metal ions in
octahedral coordination to OH, and their high performance is gen-
erally linked to the inherently high surface areas provided by the 2D
structure and to the favorable bonding of reaction intermediates at
the metal surface sites.”* Cai et al.” showed that NiFe LDH, ordinar-
ily consisting of Fe** and Ni?* sites, exhibit enhanced performance
when synthesized with a significant portion of Fe?* as well. It would
be interesting, therefore, to investigate the electrocatalytic proper-
ties of the 2D Fe3O4 and bi/multimetallic islands, which should
expose ions of different valence and coordination states at their
edges.

The tetrahedral-octahedral-tetrahedral structure of the Fe3O4
nanosheets also suggests parallels with clays and related phyllosili-
cates (e.g., talc and mica), many of which exhibit a similar structure
where tetrahedral silica sheets are bound together by an octahedral
layer of metal ions. Variants with high concentrations of iron, both
in the 2+ and 3+ states and occupying both octahedral and (to a
lesser extent) tetrahedral sites, are known, and their performance as
catalysts has been recognized.”” Redox reactions involving iron in
these minerals are particularly important for environmental chem-
istry,”” and interestingly, it was shown recently’ that the combina-
tion of Fe?* and Fe®* at the edges of 2D sheets in iron-rich clays
strongly promotes their activity in oxidation reactions.

Although our investigation of the magnetic properties of the
sheets was limited, the preference for antiferromagnetic ordering
was clear, as mentioned above. These properties also deserve further
investigation, with views toward both fundamental aspects of anti-
ferromagnetism in 2D materials’ and toward potential spintronics
applications.”””"

The formation of the 2-layer Fe;O3 phase, not recognized in
previous studies of this system, is another issue that should be
addressed. It is not clear at this point whether the phase can be pre-
pared specifically, directed by controlling the oxygen pressure, or
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whether it is merely an intermediate formed in the process of con-
version of the FeO bilayer to Fe3Oy4. Although, as discussed above,
we cannot extract much information about this structure from the
SXRD data, preliminary indications suggest that a similar mixed
octahedral/tetrahedral structure is formed. We note that the two-
phase fits to the diffraction rods were notably worse when a rocksalt
type stacking was assumed and that the in-plane lattice parameters
of the two structures are indistinguishable in our LEED and SXRD
data, suggesting similar bonding configurations.

V. CONCLUSION

The structure of an ultrathin FesO4 phase grown on Ag(100)
has been investigated by using SXRD and DFT+U calculations. The
structure is distinct from bulk iron oxide phases and from surface
oxides whose properties are defined or strongly influenced by bond-
ing to a metal substrate. Instead, it appears to be a unique 2D mate-
rial whose properties are intrinsic to its structure. Further investi-
gations to elucidate these properties and to isolate the material in
unsupported form are underway.
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