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Unconventional properties of nanometric FeO(111)
films on Ru(0001): stoichiometry and surface struc-
ture

Laura Martin-Garcia,** Ivan Bernal-Villamil,*> Mohamed Oujja,” Esther Carrasco,”
Raquel Gargallo-Caballero,” Marta Castillejo,* José F. Marco,” Silvia Gallego,” and Juan
de la Figuera“®

We report on the growth of high quality monocrystalline and stoichiometric FeO(111) films on
Ru(0001) by infrared pulsed laser deposition (IR-PLD), in a thickness range from below 1 nm
to above 8 nm. The films are characterized by low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS) and ion scattering spectroscopy (ISS). Besides the 1:1 Fe/O
ratio, they show some unexpected properties, as the lack of Fe3* sites at the surface, the (1 x 1)
surface symmetry and the large lattice expansion. First-principles calculations evidence that these
properties can be understood from the existence of a wurtzite-like environment at the surface
region, that preserves the bulk-like antiferromagnetism. This extends the validity of stacking-
faults as efficient mechanisms to compensate surface polarity, and suggests that surface-induced
processes can be tailored to design nanoscaled materials beyond the parent bulk phase diagram.

At ambient conditions, bulk FeO is well known to present a large
number of iron vacancies, in the range of 5-15%!. Ideally, bulk
FeO has a cubic rock-salt lattice, where layers of Fe2* cations and
02~ anions alternate along the [111] direction. Below a Néel tem-
perature of 200K, it is antiferromagnetic, with adjacent ferromag-
netic (111) cation planes holding opposite magnetization orien-
tations. The antiferromagnetic order introduces a rhombohedral
distortion along the [111] axis2. These structural, electronic and
magnetic features are shared by the transition metal monoxides
MnO, CoO and NiO, placing them as prototype materials in the
study of band filling effects at complex phenomena that involve
electronic correlations. Only the large concentration of cation
vacancies is a singular property of FeO, particularly difficult to
control due to their ease to rearrange even at low temperatures>.
Furthermore, the Fe vacancies have a strong effect on the material
properties, from lattice expansion to resistivity>®, and introduce
local polaronic and magnetic features that resemble those of mag-
netite®. The resulting net magnetization is also a disadvantage in
the current search for robust antiferromagnets to be exploited in
low dimensional exchange bias systems, intended to reduce the
critical thickness for the onset of superparamagnetism’. Good
quality single crystal films of stoichiometric FeO could thus be of
large interest, specially if the stoichiometry could be controlled
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independently.

FeO films of subnanometric thickness have received large at-
tention in recent years due to their enhanced catalytic activ-
ity?. Films one and two monolayers thick can be grown even
in thermodynamic conditions where other iron oxides, usually
magnetite, should appear, for example, up to 2 atomic layers on
Pt(111) !9, or up to 4 layers on Ru(0001) 1. Even the growth of
the stable iron oxide forms on different substrates takes place ini-
tially through FeO(111) layers (followed by Fe3Q,/y-Fe,03) 12-13,
Though the detailed structural and magnetic properties of these
films are not identical to those of the bulk form, they adopt the
FeO stoichiometry and a rocksalt lattice structure. A common
experimental feature for such films is the expansion of the in-
plane lattice parameter with respect to the bulk value, typically
0.320 nm versus 0.304 nm %16, This expansion has been re-
lated to a minimization of the Madelung energy to avoid the polar
catastrophe in the ultrathin limit1.

Previous efforts to synthetize thicker nanoscaled FeO films have
resulted in samples with poor crystalline quality!” or Fe’* sites
that evidence the presence of defects 8. Typically, a (2 x 2) surface
symmetry is obtained, indicative of structural or magnetic disor-
der, or of the onset of the evolution to magnetite 1921, At mod-
erate thicknesses, measurements of magnetic order indicate the
formation of FeO distinct from the known bulk form?223, Usual
growth methods for such nanoscaled films are either consecutive
steps of iron metal deposition and film oxidation, or continuous
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iron metal deposition under an oxygen background, i.e. reac-
tive molecular beam epitaxy O-MBE2*. The crucial influence of
the preparation conditions adds challenging difficulties, as mod-
erate variations of the oxygen pressure or the temperature during
growth may result in different oxide phases. In this respect, the
study by Spiridis et al12 offers a tantalizing glimpse towards this
goal: FeO films up to 4 nm could be grown by a careful opti-
mization of the oxidation conditions, with a recovery of bulk-like
features for thicknesses over 2 nm. However, thicker films revert
to magnetite when using such growth method.

Besides O-MBE, another extensively used technique for grow-
ing films of a variety of materials with tailored properties is pulsed
laser deposition (PLD)2°. Nanostructured thin films with dif-
ferent properties in terms of size, shape, composition and crys-
tallinity may be obtained by varying the laser and growth pa-
rameters. In this case, the growth conditions are out of equilib-
rium, with a large energy per atom deposited on the surface2°.
Although an ultraviolet wavelength is commonly employed for
nanosecond PLD of oxides, we have successfully used an infrared
wavelength of 1064 nm (i.e., IR-PLD) to grow highly crystalline
magnetite films on several substrates27-28,

In this work, we report the growth of unusually thick stoi-
chiometric FeO(111) films on Ru(0001) by IR-PLD. The films are
directly obtained by deposition from a hematite target onto a
heated Ru(0001) substrate with no need of subsequent oxidation
or post-annealing. We will further show that the films obtained
with this procedure are single crystal and highly stoichiometric.
Supported by first principles calculations, we will also demon-
strate that the unusual surface properties of these films (lack of
Fe3* atoms under a (1 x 1) symmetry and expanded lattice pa-
rameter) can only be explained admitting a local wurtzite (WZ)-
like surface environment, that to date has only been reported for
0-ended CoO(111)2°. The surface region extends few layers in
depth, and bulk-like properties are then recovered even for the
thinnest films. The layered antiferromagnetic order is preserved
throughout the entire structure. Our results suggest that the exis-
tence of tetrahedral Fe?* sites at the surface plays an active role
in the stabilization of the undefected FeO nanostructures.

1 Methods

1.1 Experimental

The experiments were performed in a home-made multipur-
pose ultra-high vacuum (UHV) system consisting of a prepara-
tion chamber, where the PLD growth takes place, and a char-
acterization chamber. Both chambers have a base pressure of
2x10710 Torr. The preparation chamber accommodates several
MBE sources together with a target holder with rotation control to
avoid cratering, and a sample holder with a heating filament. The
characterization chamber is equipped with a 4-grid low-energy
electron diffractometer. A dual Mg/Al anode x-ray gun and an
hemispherical Phoibos-150 analyzer are employed for in-situ x-
ray photoelectron spectroscopy (XPS). The same analyser in com-
bination with a differentially pumped ion gun are used for low
ion scattering spectroscopy (ISS).

The substrate for IR-PLD was a Ru(0001) single crystal, previ-
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ously used to grow FeO films by reactive-MBE24. To remove each
FeO film and recovering a clean surface, the Ru substrate was
subjected to cycles of 3.5 keV Ar™ sputtering and heating flashes
to 1573 K in UHV until the LEED pattern showed the Ru 1 x 1
pattern and no contaminants were detected by XPS.

Hematite (a-Fe;03) pellets were used as targets. They were
prepared by pressing hematite powder (Aldrich, >99% purity)
into disks (10 mm diameter and 2 mm thickness) with an hydro-
static press (8 ton cm~2) and sintered in air for 8 hours at 1173 K.

The hematite targets were ablated using a Q-switched Nd:YAG
laser with a pulse duration of 5 ns and repetition rate of 10 Hz
at the excitation wavelength of 1064 nm. The laser beam was
focused onto the target at 45° to a spot area of 0.15 mm?. The
fluence (laser energy per unit area) used for fabrication of de-
posits was fixed to a value of 4.4 Jem~? corresponding to 8 times
the ablation threshold fluence of the target. This threshold value
was determined by measuring the minimum single pulse energy
necessary to yield a luminous plume as detected by eye on the
hematite target; and the diameter of the irradiated region by the
print left on an unplasticized polyvinyl chloride sheet.

LEED patterns were recorded at an electron energy of 50 eV.
The surface presented a uniform LEED pattern after preparation
of each film. ISS spectra were acquired using He™ ions with ener-
gies of 525 eV. The angle of incidence, defined as the angle of the
ion beam with respect to the sample plane, was varied by rotation
of the sample manipulator and the collecting angle was normal to
the surface.

XPS data were acquired using Al Ko radiation (hv = 1486.6
eV). All reported spectra were recorded at an electron take-off an-
gle of 90° (unless explicitly mentioned) with a constant analyzer
pass energy of 20 €V. All binding energies are referred to the Ru
3ds/, signal, which was set to 280.0 eV. The spectra were fitted
with pseudo Voight line profiles and a Shirley background using
the CasaXPS software (version 2.3.16). The Lorentzian/Gaussian
mixing ratio and FWHM were fixed along the series of spectra.
The thickness of the pulsed laser deposited films was estimated
by employing the relative areas of the Fe 2p and Ru 3d core level
peaks and assuming that a uniform film was deposited. The film
thickness was calculated according to3°:

for _ Sox [1=exp(=2/0x)]

m B S.Yllb exp(—z/lwb)

where I,, and I, stand for the areas of the Fe 2p and Ru 3d
core level peaks, S, and Sy,;, refer to their respective atomic sen-
sitivity factors and z is the thickness of the deposited film. These
sensitivity factors (S) include the transmission function correc-
tion, the escape depth compensation and the relative sensitivity
factors (CasaXPS RSF library) according to the evaluation spec-
tra procedure of the selected software. The electron attenua-
tion length at the kinetic energies of the Fe 2p core level peaks,
Aox, and the corresponding one of the Ru 3d core level peaks,
Asup, Were obtained from the NIST electron effective-attenuation-
length database3!. Their numerical values are A, = 1.20 nm and
Agup = 1.78 nm.

The stoichiometry of the films (Fe/O ratio) was estimated by
XPS from the ratio of the Fe 2p and O 1s core level areas af-
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ter Shirley background subtraction and correction by the corre-
sponding sensitivity factors3C. The stoichiometric evaluation has
only been done with XPS spectra where a metallic iron compo-
nent (Fe®) is not observed, because the strong asymmetry of the
Fe® component and the intense overlap with the Fe>* components
preclude the rigorous estimation of the area of the latter.

1.2 Theoretical

We have performed first principles calculations based on the den-
sity functional theory including an effective on-site Coulomb re-
pulsion term (U-J) following the Dudarev approach3233. The
conditions of the calculations have been chosen departing from
the optimized values determined for bulk FeO®: we use the
projector-augmented wave (PAW) method with an energy cut-
off of 400 eV, and the Perdew-Burke-Ernzerhof parametrization
of the generalized gradient approximation modified for solids
(PBEsol) for the exchange-correlation functional, with U-J=4 €V.
In the calculations of thin films, a Monhorst-Pack sampling of the
Brillouin Zone has been performed, of 9 x 9 x 1 during relaxations
and 13 x 13 x 1 for the final structures.
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Fig. 1 Equilibrium WZ structure for the fully relaxed lattice (left) and the
equivalent undistorted model (right). Both structures hold the same
nominal lattice parameters (q, ¢, u), while differ in the lattice vectors and
atomic positions. The different values of the interatomic Fe-O distances
at each structure are provided in A in the figure.

As it will be explained below in more detail, we have consid-
ered both tetrahedral and octahedral coordination sites at the FeO
thin films. Only octahedral ones exist in the rocksalt (RS) lattice
of stoichiometric bulk FeO. In order to have an adequate bulk ref-
erence also for the tetrahedral environment, we have modelled
bulk FeO with the wurtzite and zinc-blende structures. After al-
lowing full relaxation of the lattice vectors and interatomic posi-
tions, the differences between both kinds of structure regarding
the interatomic distances, the electronic properties and the rel-
ative stability are minimal, thus we will restrict here to the WZ
lattice. The electronic properties are similar to those of RS FeO:
a wide gap insulator that orders antiferromagnetically with oppo-
site spin orientations for Fe atoms at adjacent (0001) planes34.
Also, in analogy to the magnetically driven distortion that exist
in RS FeO, the equilibrium WZ structure is heavily distorted, as
shown in figure 1. However, the most relevant features of both
the RS and WZ bulk structures can still be retained in simpli-
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fied undistorted models, that ease the simulation of thin films.
We have adopted these undistorted lattices as our reference bulk
structures, keeping the equilibrium lattice parameters, but us-
ing uniform interatomic spacings. In the case of the RS lat-
tice this corresponds to a cubic symmetry with a = 3.04 A and
a unique Fe-O distance of 2.15 A, while the WZ structure is de-
tailed in figure 1. The resulting electronic properties are summa-
rized in figure 2, obtained using Monhorst-Pack k-samplings of
7x7x7and 7x7x3 for the RS and WZ bulk symmetries, re-
spectively. The RS structure is more stable than the WZ one by
104.5 meV/atom, while for the distorted structures the difference
is 82.9 meV/atom.

Fet — Fel|—

S,
TV

0: Qg =7.29, m=0.00

RS Total =——

Fe: Qg =6.71, m=+3.67

DOS

Fig. 2 Spin-polarized DOS (positive and negative values correspond to
opposite spin orientations), and atomically resolved Bader charges (Qp)
and magnetic moments (m, in ug) in the undistorted RS (top) and WZ
(bottom) bulk lattices.

The thin FeO(111) films have been modelled by slabs of differ-
ent thicknesses that contain from 4 to 9 Fe planes, supported on
a Ru(0001) layer that avoids the formation of an artificial dipole,
and including a vacuum region of at least 17 A. The inner planes
are kept at the undistorted bulk-like positions, while we have al-
lowed relaxation of the five outermost surface layers until the
forces on all atoms were below 0.01 eV/A. In all cases, bulk-like
properties are recovered at the inner layers. We have considered
both Fe- and O-terminated slabs, and explored alterations of the
stacking sequence as will be explained in the next sections. Also
the atomic positions at the Ru/FeO interface were optimized for
an initial run at maximum slab thickness, and kept fixed for the
rest of calculations. However, we have checked that in our com-
putational model the interface structure does not introduce any
effect on the conclusions about the surface properties presented
here.
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2 Experimental results

Although «-Fe,0O3 corresponds to the most thermodynamically
stable iron oxide phase, volatile elements like oxygen are fre-
quently lost during the ablation process3>3°, In our particular
case, PLD in UHV environment does not allow to grow neither
hematite thin films nor magnetite ones, unless 10~° Torr oxygen
is dosed during growth. Since our goal was to fabricate FeO films,
no oxygen was dosed into the preparation chamber during depo-
sition.

The substrate-target distance (d;), the deposition time and the
temperature of the substrate were varied systematically in or-
der to study the dependence of the film properties on these pa-
rameters. The pressure of the preparation chamber increased to
107 Torr during film growth. After preparation, the sample was
transferred to the characterization chamber in UHV conditions,
where LEED patterns, XPS and ISS spectra were acquired at room
temperature.

In nanosecond PLD the morphology and composition of the
films is strongly dependent on the laser wavelength, due to the
prevalence of specific laser-target interaction and to the charac-
teristics of the subsequent plume expansion2’-37. Particularly for
hematite, due to the low value of the linear absorption coefficient
at 1064 nm, of around = 1-103 cm!27, the heated subsurface
layer thickness is of the order of 10 um. This target heated layer
is much thicker than that of the layer that would be affected by
laser irradiation with visible or UV wavelengths and is expected
to affect the characteristics of the plume and the properties of the
deposited films. The benefits of using an excitation wavelength
of 1064 nm to grow Fe; 04 thin films from a hematite target have
already been reported 27-28 justifying its use in our particular case.

We will first describe the features of a film grown under op-
timized conditions, and then the effect of the film thickness on
their properties.

2.1 Optimum FeO growth parameters

Figure 3a shows the XPS spectrum of a 4.7 nm thick FeO film
grown on Ru(0001) at 873 K, with a deposition time of 5 min and
a distance (d;s) of 4 cm from the target. The XPS spectrum was
fitted considering a photoemission spin-orbit doublet at 709.7 (Fe
Zp%) and 722.7 eV (Fe Zp%) with a FWHM of 3.7 eV. We added
two additional components at binding energies of 712.7 eV and
725.4 eV to account for the broadening due to multiplet splitting,
which is known to occur in the XPS spectrum of FeO3839, The
XPS spectrum also presents prominent shake-up satellite struc-
ture, which was fitted with two peaks at 716.4 eV and 729.8 €eV.
The presence of these satellite peaks and the binding energy dif-
ference of nearly 6 eV with respect to the main photoemission
lines are clear evidence of Fe?*t 40,

The XPS spectrum was also used to determine the stoichiom-
etry of the film. Surprisingly, and in spite of the large thickness
well beyond the bilayer limit, the composition of the film was es-
timated to be Fe,O (x = 0.99 4-0.03) which corresponds to an iron
deficiency of ~1%. This means that the stoichiometry of the film
is closer to the ideal value than most bulk samples, which present
iron deficiencies of 5-15%.

4| Journal Name, [year], [vol.],1-10

Low energy electron diffraction (LEED) patterns were acquired
to provide information about the surface structure of the film. A
typical LEED pattern, shown in Figure 3b, reveals a 1 x 1 hexag-
onal pattern with six-fold symmetry. FeO, which has a cubic
unit cell, should display three-fold symmetry along the (111) di-
rection. Although each individual substrate terrace has three-
fold symmetry#l, the average pattern from a macroscopic hcp
Ru(0001) sample displays six-fold symmetry due to the averaging
of different substrate terminations*?. The pattern six-fold sym-
metry implies that the film is composed of twins. Whether the
twins arise from growth on different substrate terraces or from
growth on each terrace cannot be determined with our averaged
LEED diffractometer.
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Fe 2p Fe 2p
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Fig. 3 a) XPS Fe 2p core level spectrum and b) LEED of a 4.7 nm thick
FeO film grown on Ru(0001) by IR-PLD at 873 K for 5 min at a d,; of

4 cm. c) ISS spectra acquired at three different beam angles of
incidence: 75°, 55° and 45° of a FeO film deposited at 873 K, d; of 4 cm
and z estimated in 14 nm. A lower angular value is related to higher
grazing incidence of He™ and higher surface sensitivity. The peak at
201.6 eV corresponds to oxygen and the peak at 403.6 eV to iron. The
relative intensity of O to Fe increases at lower scattering angles,
indicating an O-terminated surface.

It is worth noting that the FeO(111) surface presents no re-
construction. Comparing the spacing of the first-order diffracted
spots with those of the Ru substrate, they are found to correspond
to a distance of 0.307 nm, slightly larger than the in-plane lattice
spacing of perfectly-stoichiometric bulk FeO3. The existence of Fe
defects tends to contract the lattice, but the contraction is in the
range of 0.01 nm for concentrations of vacancies around 15%.

To determine the surface termination of the grown films, ISS
measurements were performed. Figure 3¢ shows the ISS spectra
of a film deposited at 873 K, d; of 4 cm and z estimated in 14 nm

This journal is © The Royal Society of Chemistry [year]

Page 4 of 11



Page 5 of 11

(extrapolated from the deposition time) at different beam angles
of incidence. Two peaks are observed at 201.6 and 403.6 €V,
where the former corresponds to O and the latter to Fe. Reducing
the incidence angle, i.e. approaching more grazing incidence of
the He™ ions, the Fe contribution almost disappears whereas that
of the O remains. This result strongly suggests that the FeO films
are oxygen terminated.

Ex-situ AFM measurements were performed in order to obtain
surface morphological information. The AFM images (included in
the Supplementary Information) displayed a quite homogeneous
film surface with a mean roughness of 0.6 £0.3 nm. LEED and
XPS were performed after sample reintroduction into the UHV
chamber to detect possible surface modifications. No LEED pat-
tern was observed, and the Fe Zp% and 2p, photoemission peaks
in the XPS spectrum shifted to higher binding energies, 710.7 and
723.8 eV, respectively. This shift, together with the appearance of
a new satellite at 719.7 €V indicates the presence of Fe3*. Thus,
exposure to air of our films evidences the requirement of an UHV
environment in order to obtain reliable data on unaltered surfaces
of FeO films.

Thicker films keep a 1 x 1 LEED pattern and a characteristic
Fe?* XPS spectra. But while an almost stoichiometric composi-
tion of Fey 99O was found on 4.7 nm thick films (see Figure 3),
thicker films present a slightly decreasing Fe/O ratio. The 14 nm
thick film had a composition of Fe( 950, with a lattice parameter
of 0.300 nm. Thicker films, thus, are closer to bulk FeO as they
are richer in iron defects (5% vs 1% on 4.7 nm thick film) and
possess a smaller lattice parameter. However, the variations of
the lattice parameter are much higher than those induced by Fe
vacancies in bulk FeO.

2.2 Influence of film thickness

Figure 4a shows the XPS of the Fe 2p core level XPS spectra
recorded from films deposited at different target-substrate dis-
tances, while maintaining the rest of the growth parameters fixed.
The films grown at the shortest distance, 2 cm, present the typi-
cal Fe 2p spectra of FeO as shown in Figure 3. At larger d;; values
a second spin-orbit doublet appears at lower binding energies,
706.7 eV (Fe Zp%) and 719.7 eV (Fe Zp%), respectively, which is
consistent with the presence of metallic iron. Figure 4b shows the
fitting of the XPS spectrum of a 1.2 nm thick film to a combina-
tion of FeO and metallic Fe. This analysis gives a ratio of 86% FeO
to 14% Fe. As can be observed on Figure 4c the film thickness
is strongly reduced if the substrate-target distance is increased at
a fixed deposition time. The evolution of the thickness with dj
is well described by an inverse-square law characteristic of a free
plume expansion*3.

Figures 5a-e show the corresponding LEED patterns of the FeO
films whose XPS spectra are displayed on Figure 4a from top
to bottom. The LEED pattern (Figure 5a) of the thickest film
(7.9 nm) displays a 1 x 1 hexagonal pattern with six-fold sym-
metry like the pattern shown in Figure 3b. By decreasing the
film thickness, additional spots start to appear around the first
order spots (Figures 5b-e). These LEED patterns are similar to
those obtained in ultrathin films grown by reactive-MBE2* or se-

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 a) XPS Fe 2p core level spectra of different iron oxide films
grown by IR-PLD at 873 K, with a deposition time of 6 min and film
thicknesses of: 7.9, 3.6, 2.9, 1.5 and 1.2 nm (from top to bottom). The
corresponding d;, are: 2,3,4,5 and 6 cm, respectively. b) Fit of the Fe 2p
core level spectrum of the 1.2 nm thick film (d,; = 6 cm) displaying FeO
and metallic Fe contributions. c) Variation of the thickness of the FeO
films with d;;. The experimental results are shown by circles while the fit
to an inverse-square law is shown by a continuous line.

quential deposition and oxidation of iron 1!, which have also been
observed in real-space by scanning tunneling microscopy. In addi-
tion, these films present larger lattice parameters when the thick-
ness is progressively diminished: from 0.307 nm for 4.7 nm thick
films to 0.320 nm for subnanometric thicknesses. In fact, one and
two atomic layers thick FeO films on Ru(0001) have a lattice spac-
ing of 0.320 nm 1124, We interpret our results as the same moiré
pattern arising from the coincidence of six FeO units on seven Ru
atoms. Thus, the LEED patterns show an evolution from those of
FeO for the thickest film (shortest d;s) to Fe/Ru (or Ru) for the
thinnest one (largest d;;), while the moiré pattern of FeO/Ru is
observed at intermediate thicknesses. The LEED results are thus
fully consistent with the evolution of FeO to mixed FeO/Fe de-
tected by XPS.

To confirm that the physical origin of the evolving composi-
tion is the thickness of the films (and not d;,), deposits have been
grown at a fixed d;; and different deposition times. The corre-
sponding XPS spectra are shown in Figure 6, where two different
dis values have been explored, changing the deposition times to
obtain films with the same thickness. As is clear from inspection
of the spectra, the metallic iron component is related to the film
thickness and not to d;;. These results indicate that the Ru sub-
strate at the given temperature induces the growth of metallic
iron at the early stages of deposition. In a later stage, the growth
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Fig. 5 LEED patterns from films grown at 873 K, with a deposition time
of 6 min and thicknesses of: 7.9, 3.6, 2.9, 1.5 and 1.2 nm from a) to e).
The last pattern labelled as f) corresponds to a 0.3 nm thick film
prepared at 873 K, with a deposition time of 1 min and d;; = 5 cm.
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Fig. 6 XPS Fe 2p core level spectra of different iron oxide films grown
by IR-PLD at 873 K. a) d;; =2 cm. The deposition times from top to
bottom are: 3 min, 1 min and 10 s. The corresponding film thicknesses
are: 4.9, 1.4 and 0.4 nm, respectively. b) d;; = 5 cm. The deposition
times from top to bottom are: 30, 6 and 1 min. The related film
thicknesses are: 4.8, 1.5 and 0.3 nm, respectively.

of FeO takes place upon continuing deposition. It also suggests
that even thick films with a FeO surface composition likely con-
tain some metallic Fe at the film/substrate interface. The previ-
ous experiments have been performed on a Ru substrate heated
at 873 K. A relatively high substrate temperature can produce the
evaporation of oxygen from the surface in PLD#4. Given that Ru
is considered an essentially inert substrate in high vacuum condi-
tions and Fe wetting on Ru is favoured by substrate heating, we
speculate that oxygen evaporation takes place with higher prob-
ability at the interface with the Ru substrate than later on, when
the FeO film is growing.

2.3 Effect of substrate temperature

Figure 7 shows the Fe 2p XPS core level spectra recorded from
films grown at three different substrate temperatures. The XPS
spectrum of the films prepared at 300 K stands out of the rest.
Comparing it to the spectrum of FeO depicted in Figure 3, the
main photoemission lines appear at slightly higher binding ener-
gies and the intensity of the characteristic Fe2t shake-up satel-
lites is also smaller. Together with an Fe/O ratio of 48/52 (i.e.
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Fig. 7 XPS Fe 2p core level spectra of different iron oxide films grown at
the substrate temperatures of 300 K, 873 K and 1023 K. The
corresponding film thicknesses are 3.1, 2.7 and 2.1 nm, respectively. In
all cases, d;; was fixed at 4 cm and the deposition lasted for 3 min.

a higher oxygen content), the results suggest that the deposited
film can contain some Fe3*. The as-grown film does not show a
LEED pattern, evidencing a disordered surface. After subsequent
annealing to 873 K in vacuum the surface reflects a 2 x 2 LEED
pattern with a reduced oxygen-oxygen lattice parameter of 0.302
nm, both suggesting a magnetite termination.

The films grown at 873 K and 1023 K both present XPS spec-
tra characteristic of FeO plus an additional contribution at lower
binding energies due to metallic iron, which increases from 3%
at 873 K to 6% at 1023 K. They are both crystalline with a LEED
displaying an hexagonal 1 x 1 pattern. In addition, these films are
thinner than the one prepared at 300 K. This could be attributed
in part to the formation of a more compact and ordered film as
the temperature is increased.

Thus, by varying the temperature of the substrate, the sur-
face composition of the sample (from a mixed Fe?*/Fe3* to only
Fe?1), the crystallinity (from a disordered surface to a monocrys-
talline one) and the surface structure of the films (from 2 x 2 to
1 x 1 surface termination) can be controlled.

We can conclude that the properties of films grown by PLD are
highly dependent on the substrate temperature which governs the
aggregation of ejected plume species on the heated surface. Previ-
ous studies in hematite and other materials27-37 have shown that
nucleation of crystalline material is favored by the use of IR laser
wavelengths, that are poorly absorbed by the target, and by high
substrate temperatures. For the results presented here, the com-
bination of an IR wavelength and a heated Ru substrate seems to
play a crucial role in the final characteristics of the FeO deposits
obtained from an hematite target.

3 Theoretical results

The above results evidence the ability to grow stoichiometric FeO
films well beyond the monolayer limit. These films show some
intriguing features. One is the large expansion of the lattice pa-
rameter, that cannot be explained by merely attending to the ab-
sence of Fe vacancies. Other is the lack of any reconstruction, in
spite of the polar nature of the surface. To shed some light in the
origin of these results, we have performed ab initio calculations

This journal is © The Royal Society of Chemistry [year]
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of FeO(111) films, focusing on their surface properties. Follow-
ing the information from LEED, we have modelled films with a
(1 x 1) surface unit cell, considering both Fe- and O-terminations.
However, the (1 x 1) symmetry admits the existence of stacking
faults, similar to those observed at the O-ended CoO(111) sur-
face apparently in connection to polarity compensation effects2?.
Then, in our simulations we have also allowed for the existence of
a WZ-like coordination involving the three outermost planes, as
shown in the right panel of figure 8 for an O-ended surface. First,
we have compared the relative energies of Fe- and O-terminations
under all possible surface stackings. As detailed in the Appendix,
our results indicate that exposing an O layer is the favored situ-
ation, in excellent agreement with the results inferred from ISS
measurements, and also with previous calculations*®. In the fol-
lowing we will thus restrict to O-terminations.

RS-ended W2zZ-ended
d(Fe-0)
Q-
191 1.87 e b WLZ
224 1.88
214 203 . L3
L4
2.16 218
L5
215 214

1[111]

¢

Fig. 8 Atomic structure of the O-ended FeO(111) surfaces under RS-
and WZ-terminations. The interatomic Fe-O distances at the outermost
planes of the 9-Fe layers thick slabs shown in figure 9 are provided in A.

Figure 9 shows the electronic structure and atomically resolved
Bader charges (Qp) and magnetic moments at the surface layers
of slabs containing 9 Fe planes. Below the fourth layer, bulk-
like properties are essentially recovered, putting a limit in the
extension of the surface region in the films. The surface features
are common to all slab thicknesses considered. The left panel of
the figure corresponds to the uniform RS stacking. The loss of
neighbors of the surface O atoms increases the demand of charge
to the remaining Fe neighbors, which empty all minority spin d
states and lower the Qp to 6.31. These are the electronic sig-
natures of Fe3t sites both in Fe;_,O and Fe;04%%. Thus the
presence of these Fe atoms should manifest in additional peaks
in the XPS spectra, contrarily to the experimental evidence. If
we now regard the WZ-like termination shown in the right panel,
the tetrahedral environment of the Fe subsurface atoms improves
the charge compensation to the surface O atoms, introducing sig-
nificant charge readjustments at the layers below. A slight iron
metallic character is induced in the surface region, but both the
occupancy of minority spin d states and the value of the Qp over
6.5 are hints of Fe?" sites®*. Thus, the existence of a WZ-like
termination can explain the experimental evidence of a (1 x 1) O-
ended surface with only Fe?t. This is an important result, that
extends the existence of a stacking-fault reconstruction beyond
the case of CoO(111).

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Layer- and spin-resolved DOS of the RS- and WZ-terminations of
the O-ended FeO(111) surfaces, also indicating the values of the Qg
and the magnetic moments (m, in ug), for the 5 outermost planes of a 9
Fe-layers thick slab. Layers are numbered from the surface (L1) to the
bulk.

Another interesting feature of the WZ-ended surface, shared
with the RS-termination and evidenced in figure 9, is the preser-
vation of the layered antiferromagnetic order. Even at the mono-
layer limit, where the bulk magnetic order cannot be developed,
FeO films show a clear prevalence of antiferromagnetic interac-
tions#”. Complex ferrimagnetism has been reported at recon-
structed FeO(111) surfaces2#® or at intermediate film thick-
nesses beyond the bilayer and below 2 nm 222, But in all cases,
it was linked to a local environment different from stoichiomet-
ric FeO. Furthermore, in the thin films ferromagnetism seems to
be a transient state in the evolution from the in-plane antiferro-
magnetism of the monolayer towards the bulk magnetic struc-
ture that already emerges at 2 nm thick films23. In our case, the
charge readjustments and the magnetic uncompensation intro-
duce an enhancement of the magnetic moments at the outermost
layers, that might be observed by surface sensitive techniques.
Non-collinear spin couplings or more complex magnetic orders
could break the (1 x 1) periodicity.

The interatomic Fe-O distances shown in figure 8 evidence that
there are also significant restructurations of the interlayer spac-
ings. Obviously, the structural changes are deeper for the WZ-
stacking, that tends to reduce considerably the bonds at the sur-
face region. Comparing with the reference bulk values in figure
1, the contraction goes beyond the tetrahedral coordination envi-
ronment, and is triggered by charge compensation effects. This is
also present at the RS-ended surface, though the contractions are
slighter, and rapidly compensated by expansions at the adjacent
layers, introducing a decaying oscillatory variation of interlayer
spacings. But in both structures, the bulk-like interatomic dis-
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tances are essentially recovered below the fourth layer.

If we now compare the total energies of both surfaces, the WZ-
stacking is favored over the uniform RS model by 30 meV in the
9 Fe layers thick slab. This energy difference is not negligible,
but if we normalize to the number of atoms in both slabs it re-
duces to only 1 meV/atom, too low to explain the stability of the
WZ-termination. However, different factors within our calcula-
tions may hinder the importance of the stabilization mechanism.
First, both slabs only differ in the surface region, comprised by
no more than 5 layers, so that the energy difference should be as-
cribed to only a few atoms in the structure. In addition, our slab
construction forces us to use a common in-plane lattice param-
eter for all atomic planes, which in this case corresponds to the
equilibrium RS bulk structure, a(RS) = 3.04 A, lower than the ex-
perimental estimation for the thin films. Furthermore, a WZ sym-
metry would also favor a larger volume, as we have evidenced in
figure 1. In order to address these issues, we have modelled again
the O-ended slabs for all surface stackings and thicknesses using
an expanded lattice parameter a(WZ) = 3.26 A, that corresponds
to our equilibrium value for the bulk structure of WZ FeO. As we
keep the RS symmetry at the inner layers, the large volume expan-
sion is not globally favored. Nevertheless, interesting information
about the surface properties can be extracted. On one hand, and
except for the slight narrowing of the DOS due to the expanded
volume, the surface features described above remain essentially
unaltered: the contraction of the outermost interatomic spacings,
the emergence of Fe3* (Fe?) features under RS (WZ) termina-
tions, the continuity of the antiferromagnetic coupling with en-
hanced surface magnetic moments, and the recovery of the bulk-
like properties below the fourth layer. Also, the universality of
the surface properties for all thicknesses considered is preserved.
On the other hand, interesting differences emerge from the rel-
ative stability of the WZ-termination over the RS-ended surface
at fixed lattice parameter. This is shown in figure 10 as a func-
tion of the slab thickness. Two conclusions can be extracted: first,
that an expanded lattice significantly favors the WZ termination.
Second, that the energy differences, normalized to the number
of atoms in the slabs, are higher the thinner the films, where the
dominant energy terms come from the surface region.

As a further proof of the dominance of the surface terms in
the energetics, we have also modelled slabs with an entire WZ
structure, that is, keeping the WZ coordination throughout all
layers. We have compared their energy to that of RS slabs with a
WZ-ended surface. In this case the surfaces are similar, while the
inner layers are in the respective WZ- and RS-equilibrium bulk
forms. The corresponding energy difference for a thickness of 5
Fe layers favors the RS slab by 93 meV/atom, very close to the
result found for the bulk structures. This demonstrates that a
full WZ symmetry is not stable at reduced thicknesses. Thus, our
theoretical results explain the origin of the unusual properties of
the stoichiometric FeO(111) films, proving that they arise from
the existence of a WZ-like environment at the surface. Preliminar
calculations of Fe;_,0(111) surfaces indicate a tendency of Fe
vacancies to occupy the outermost layers3#, favoring the usual
evolution of FeO at increasing thickness to Fe;0,4 or Fe;03. This
suggests that, besides our present growth conditions at an Fe-

8| Journal Name, [year], [vol.],1—10

160 1 7
awz) —e—
120 + E
’g aRrs) —e—
ke
S 80 | _
[0}
E
w
< 40 F i
0t ¥ * ; ; —
4 5 6 7 8 9

Number of Fe layers

Fig. 10 Relative energy difference between the WZ- and
RS-terminations, normalized to the number of FeO atoms in the slab, as
a function of the slab thickness (measured by the number of Fe planes)
for the two lattice parameters considered. Positive values correspond to
stability of the WZ termination.

rich environment, the surface mechanism that stabilizes the WZ-
termination also contributes to our ability to grow thick FeO films
without Fe deficiency.

4 Conclusions

We have demonstrated the ability to grow single crystal FeO(111)
ultrathin films on Ru(0001) with an improved stoichiometry over
the bulk form, whose iron deficiency ranges 5-15% at room tem-
perature. The choice of the growth technique, infrared pulsed
laser deposition at a wavelength of 1064 nm, and the care-
ful monitorization of the preparation conditions are crucial to
achieve high crystallinity and controlled composition up to a
record thickness of 8 nm. The films also present some unconven-
tional features, namely, an expanded in-plane lattice parameter
and (1 x 1) symmetry without Fe3* at the topmost layers. Our
first-principles calculations prove that these features arise from
the existence of a WZ-like surface stacking, an unfrequent recon-
struction. The WZ-surface environment is related to polarity com-
pensations effects, but additionally it seems to play a primordial
role in the stabilization of the stoichiometric FeO films beyond the
bilayer limit.

These results extend the thickness range to stabilize stoichio-
metric FeO at ambient conditions, avoiding its transformation to
the more thermodynamically stable Fe oxide forms, magnetite
and hematite. Besides the intrinsic interest to design novel nanos-
tructures beyond the known bulk phase diagram, these films will
find application as building blocks in magnetoelectronic devices.
In this sense, the preservation of the bulk-like antiferromagnetic
order is a relevant issue. We have also shown that exposure to
air causes surface damage that alters the film composition. How-
ever, there are previous evidences that a protective capping layer
can be effective to preserve the stoichiometry when removing the
film from UHV'7. Further work is deserved to understand the
effect of the capping on the local surface environment, and the
consequences on the composition and electronic features.

This journal is © The Royal Society of Chemistry [year]
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Appendix: Relative stability of Fe- and O-
terminations

To estimate the difference in surface energy between the Fe-
and O-terminations, we have chosen slabs as those in figurell,
formed by 9 FeO formula units plus an additional O layer in the
O-ended case. Besides the WZ surface stacking shown in the fig-
ure, we have also considered slabs with uniform RS stacking.

Slab 12 Slab 13
o _p g o Orrich
y2 y3 Y 600 poor rici
A R
R | & s
< > <>
: E 400t
A R -
Q O QG >
4 ‘( > 300
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Fig. 11 (Left) Schematics of WZ-ended slabs used to compare the
relative stability of Fe-ended (slab 12) and O-ended (slab 13) surfaces.
The vertical size is shortened with respect to the actual vacuum region.
(Right) Relative surface energy of the Fe-termination with respect to the
O-ended one, for both WZ- and RS-surface stackings. The zero
reference is set at the maximum value of the chemical potential.

Assuming standard approximations for ab initio thermodynam-
cs°0, the surface energy of a slab with two dissimilar surfaces, i
and j, can be expressed in terms of its total energy (E):

1
Yi+vyi= X[E_NFeIJFe_NOIJO] €]

with N the number of atoms of each chemical species and u the
respective chemical potentials. A takes into account the normal-
ization per surface area. In case there is enough bulk material,
the expression can be further simplified to depend only on the O
chemical potential:

1
%"'Y}‘: Z[E_NFeEFeO_”O(NO_NFe)] (2)

where Ep.o corresponds to the energy of bulk FeO per formula
unit. The range of values of yp is bounded between an oxygen-
rich limit defined by the total energy of a free oxygen molecule,
where we set our energy zero, and an O-poor limit delimited by
the heat of formation of bulk FeO. Thermochemical tables provide

This journal is © The Royal Society of Chemistry [year]
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a value of -2.8 €V at ambient conditions>!, while our estimate
from the Gibbs free energy of formation at T=0 K is -3.92 eV.
Taking into account the uncertainty in the well-defined but ap-
proximate theoretical limits, we will plot the dependence of the
surface free energies in the widest range of chemical potentials.

The slabs labelled 12 and 13 in the figure are identical except
for the outermost surface layers, not only regarding their struc-
ture, but also the electronic and magnetic properties. Thus, we
can assume that the bottom Ru terminations have identical sur-
face energy, 7;. To compare the contributions p and ;3 we sub-
stitute values in equation 2 for both slabs, and then substract the
resulting expressions. It is immediate that:

1
-7 =Z[E12*E13 + o) 3

where Ej; and E 3 are the total energies of the respective slabs.
A positive value of this difference corresponds to a decreased sta-
bility of the Fe-ended surface over the O-ended one. Substituting
the actual values from our calculations in equation 3, and taking
into account the limits of yp, we arrive to the result shown in the
graph of figure 11, that confirms the preference for O-ended sur-
faces under all stackings across the entire range of the chemical
potential.
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