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Ultrathin (111)-oriented polar iron oxide films were grown on a Pt(111) single crystal either by the reactive
deposition of iron or oxidation of metallic iron monolayers. These films were characterized using low-energy
electron diffraction, scanning tunneling microscopy, and conversion electron Mossbauer spectroscopy. The
reactive deposition of Fe led to the island growth of Fe;O,, in which the electronic and magnetic properties of the
bulk material were modulated by superparamagnetic size effects for thicknesses below 2 nm, revealing specific
surface and interface features. In contrast, the oxide films with FeO stoichiometry, which could be stabilized
as thick as 4 nm under special preparation conditions, had electronic and magnetic properties that were very
different from their bulk counterpart wiistite. Unusual long-range magnetic order appeared at room temperature
for thicknesses between 3 and 10 monolayers, the appearance of which requires severe structural modification

from the rock-salt structure.
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I. INTRODUCTION

Metal oxide surfaces and thin films are subjects of great
interest because of their broad spectrum of technological
applications in different areas.! Thin films of transition
metal oxides, such as iron oxides, are unique because, in
addition to their catalytic properties,” they have magnetic
applications.? The character of the magnetic structure (param-
agnetic, ferromagnetic, or antiferromagnetic) is determined by
the crystal structure and composition. As a result, the magnetic
properties can be tuned in nanostructures and thin films by
special preparation conditions and thickness.* The magnetic
properties of thin films can differ greatly from those of the
bulk;’ this may have important consequences for possible
spintronic applications.

Magnetite is one of the best candidates for such ap-
plications. Grown on different substrates and by various
methods, magnetite thin films have been widely described
in the literature (for recent sources, consult Refs. 6,7, and
8). Many of these studies have focused on magnetite films
grown on MgO(001) surfaces by reactive deposition of iron
in an atmosphere of molecular oxygen, which predominantly
leads to the stabilization of (001)-oriented Fe;O4 films. The
complex electronic and magnetic properties of magnetite’
also contribute to the complexity of the termination and
reconstruction of the polar Fe304(001) surface,'” but special
preparation recipes allow the surface structure and compo-
sition to be controlled.!! Apparently, polarity compensation
does not influence the epitaxial growth, and flat and con-
tinuous (001)-oriented magnetite films can be epitaxially
grown without thickness limitation.'>!3 This system, how-
ever, exhibits undesirable magnetic properties associated with
structural defects (antiphase domain boundaries), such as
superparamagnetism’'4 and very high saturation field.">

On the other hand, (111)-oriented magnetite films have
been stabilized on simple metal (111) surfaces,® in particular
on Pt(111) (for a review, see Ref. 16). Low-energy electron
diffraction (LEED) and scanning tunneling microscopy (STM)
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studies concerning iron oxides grown by postdeposition
oxidation of metallic iron were presented by Ritter et al.'”
These studies showed that, for the initial monolayers (one,
two, or three, depending on preparation temperature), an
FeO(111) phase is stabilized, and the Fe3;O4 (magnetite)
phase is formed in the following layers. In contrast to
the (001)-oriented films on MgO(001), these Fe;O4(111)
films exhibit Stranski—Krastanov island growth and a variety
of surface structures.'®!” It is likely that the dimension
reduction produced by the formation of nano-sized islands
promotes the stabilization of the polar, charge-uncompensated
terminations.”’ The predominance of the magnetite phase in
thicker layers was also verified in a series of experiments using
conversion electron Mossbauer spectroscopy (CEMS),?!?2 but
the interpretation of the phase composition near the platinum
substrate was ambiguous. It remains unknown whether the
interface FeO layer is preserved or transforms to magnetite in
thicker films.

The studies of iron oxide films with wiistite stoichiometry
are of general importance. Wistite is a nonstoichiometric
Fe;_,O iron oxide that crystallizes in the rock-salt crystal
structure. As a basic oxide component of the interior of the
Earth, wiistite has been subjected to numerous high pressure
measurements that reveal the remarkable sensitivity of its
structural, electrical, and magnetic properties to stoichiometry
and interatomic distances.”>?* Because of this sensitivity,
the epitaxial stresses in the FeO film prepared on Pt(111),
produced by the considerable mismatch of the atomic spacing
between the platinum (2.77 A) and wiistite (3.04 A) (111)-
planes, can be expected to have a significant effect on the film
properties. Additionally, the stabilization of (111)-oriented
FeO films beyond the limit of 2 monolayers (ML) is important
to understand the mechanism of polarity compensationin (111)
oxide films on a metal substrate.?’

Summarizing, the primary goal of this study is to stabilize
polar FeO films. For this purpose, to optimize the process of the
iron oxide films’ formation on Pt(111), we directly compared
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their growth and properties using two different methods: by
postdeposition oxidation of metallic iron (PDOMI) and by
reactive deposition of Fe in an oxygen atmosphere. Unam-
biguous phase identification is essential for such a comparison.
Because of their surface-limited sensitivity, the STM and
LEED methods are not sufficient for this purpose. Their
supplementation by in-situ Mossbauer spectroscopy seems to
be the most reasonable choice for studying iron-containing
systems. Conversion electron Mossbauer spectroscopy, with
its submonolayer sensitivity, is a powerful method that not
only enables phase analysis but also gives local in-depth infor-
mation on the electronic and magnetic (also antiferromagnetic)
state. This is especially useful for studying subtle ultrathin film
magnetism, taking into account such issues as the size effect,
which is strongly dependent on the film thickness,® and the
complex interplay between the structure, strain, and magnetic
order.’

In this paper, we show that both FeO (ferrous) and Fe;O4
(magnetite) thin films can be stabilized on Pt(111); however,
they exhibit different growth modes and relations to the
properties of their bulk counterparts. This observation is
relevant to understanding the conditions under which ultrathin
oxide films behave like the bulk material’’ and where the
borderline between 2D and 3D behavior occurs.

II. EXPERIMENTAL DETAILS

Iron oxide films were grown in a multipurpose ultra-high
vacuum (UHV) apparatus with a base pressure of 1 X
10~'9 mbar. The apparatus is equipped with a molecular beam
epitaxy (MBE) system for deposition of *°Fe and >’ Fe isotopes
and standard surface characterization methods: LEED and
Auger electron spectroscopy (AES). In separate chambers of
the same apparatus, scanning tunneling microscopy (Burleigh
Instruments) and CEMS were used for in-situ sample analysis.
The CEMS measurements were performed using a constant
acceleration spectrometer adopted to the UHV system and a
large-opening channeltron as an in-vacuum electron detector.
The sample was irradiated through a beryllium window from
a small active diameter 100-mCi 3’Co(Rh) source with a
54° angle between incident gamma radiation and the sample
surface normal. The spectra could be efficiently measured in
the temperature range from 100 to 500 K. The CEMS spectra
were numerically fitted using Voigt lines (convolution of the
Lorentzian and Gaussian), a technique that allows straightfor-
ward and consistent implementation of the hyperfine parameter
distribution, which is an inherent feature of low-dimensional
systems. Throughout the paper, the isomer shift values are
given relative to metallic iron.

The Pt(111) substrate was cleaned by the standard pro-
cedure of Art bombardment cycles, oxygen atmosphere
annealing, and flashing until the sharp (1 x 1)-Pt(111) LEED
pattern was observed, and no impurities were visible in the
AES signal.

Two different recipes were followed to grow iron oxide
layers over a wide range of thicknesses: reactive deposition in
an oxygen atmosphere and postdeposition oxidation of metal-
lic Fe monolayers. In all cases, iron enriched to contain 95%
of the 3"Fe isotope was used to facilitate the Mdssbauer mea-
surements. The deposition of iron was controlled by a quartz
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FIG. 1. (Color online) The stacking of the (111)-atomic layers
in spinel (magnetite, top) and rock-salt (wstite, bottom) structures.
Denoted by Fe, are iron atoms in tetrahedral positions, by Fep iron
atoms in tetrahedral positions, by O oxygen atoms. The element
symbols are preceded by fractions indicating layer occupation.

thickness monitor with the accuracy of approximately 0.2
ML. For estimation of the oxide layer thickness, the following
equivalences were assumed based on atomic densities of
bce iron and corresponding stoichiometric oxides: 1 nm of
deposited metallic Fe provides 2.1 nm of Fe;O4 (magnetite,
lattice constant 0.84 nm) or 1.8 nm of FeO (wustite, lattice
constant 0.44 nm). Both oxides are well matched to the
Pt(111) substrate in the (111) orientation, and the atomic
layer stack for both oxide structures along the [111] direction
is shown in Fig. 1.

III. IRON OXIDES BY REACTIVE DEPOSITION:
FORMATION OF Fe;04

A. LEED and STM

Similar preparation conditions to those previously used for
iron oxide films grown on a MgO(001) substrate, resulting in
the epitaxial Fe;O4 phase,?® were now applied to the Pt(111)
substrate. The films were prepared by deposition of iron in an
oxygen atmosphere under a partial pressure of 8 x 10~® mbar
and a substrate temperature of 550 K. The rate of iron
evaporation was approximately 0.2 nm/min. Several samples,
with nominal iron contents between 0.17 and 5 nm, were
prepared. After deposition, the samples were UHV annealed
at 800 K for 10 min.

The thinnest sample was reactively deposited using 0.17 nm
of metallic Fe, which nominally corresponds to 1.2 ML of
FeO or 0.7 ML of Fe;O4, assuming their (111) orientation.
The LEED pattern of this sample [Fig. 2(a)] exhibits sixfold
symmetry with characteristic moiré-type satellites, which
are produced by the lattice mismatch between the wiistite
monolayer and the platinum substrate. The pattern is typical
for a 1-ML FeO film being a polar bilayer formed by the
iron monolayer neighboring with the Pt substrate and the
oxygen monolayer that terminates the surface.'® According
to the interpretation by Ritter et al.,'’ the strongest spots are
the first-order FeO spots, and the weaker satellite spots can be
interpreted either in terms of multiple scattering between the Pt
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FIG. 2. (Color online) LEED patterns and STM images (100 x
100 nm?) for iron oxide films grown on Pt(111) by reactive deposition
of iron in an atmosphere of molecular oxygen. Nominal doses of iron
are 0.17 nm for (a) and (d), 0.5 nm for (b) and (e), and 0.8 nm for
(c) and (f), corresponding to the nominal Fe; O, thickness of 0.3, 1.0,
and 1.7 nm, respectively.

substrate and FeO overlayer or in terms of fractional spots pro-
duced by diffraction at a large superstructure cell of a distorted
FeO overlayer. The visibility of the first-order Pt(111)-(1 x 1)
spots allows an accurate estimation of the FeO surface lattice
constant as 3.07(1) A, as compared to 3.11 A for the FeO
monolayer prepared by PDOML.!'7 Additionally, while, for
the PDOMI-prepared FeO layers, characteristic broadening
or splitting of superstructure reflexes is typical, the pattern in
Fig. 2(a) reveals undistorted spots. The spot distortion means
the presence of different rotational domains of FeO layers.!”
Apparently, the appearance of the FeO domains has its origin in
preferred nucleation of metallic bee-Fe(110) domains, which
have a different (twofold) surface symmetry than the Pt(111)
surface.?’ In the case of reactive deposition, the nucleating
oxide phase with the (111) orientation has a good symmetry
matching the substrate, which eliminates the formation of the
rotational domains. The superstructure in the LEED pattern
corresponds to a moiré pattern that is visible in the STM
image [Fig. 2(d)]. The STM also reveals the formation of a
second oxide layer in the form of irregular polygonal islands,
in accordance with the nominal coverage. The islands cover
approximately 30% of the area of the first layer, and their
apparent height above the first oxide layer is 0.28 nm. Contrary
to the FeO layers formed by PDOMI, " the second atomic layer
does not display the moiré pattern, which indicates that it has
a different structure or composition. This suggests the onset of
the Fe;O4 formation.

Indeed, with the increasing film thickness, qualitative
changes in the LEED pattern confirm that the Fe;O4(111)
phase has been developed. For 0.5 nm of Fe (nominally
~1 nm of Fe;Q,), the satellites around the (1 x 1) spots
became weaker, and the (2 x 2) superstructure spots appeared
[Fig. 2(b)]. Such a doubling of the surface unit cell appears
for the magnetite Fe;O4(111) surface with so-called regular
termination.*” Analysis of the spot positions in three coexisting
spot-sets, those from Pt(111) substrate, from FeO, and from
Fe; 0y, yields the following surface lattice constants: ap.o =
3.13(1) A and agezos = 2.95(1) A. The latter value compares
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well with the bulk magnetite parameter. The corresponding
STM image [Fig. 2(e)] shows a continuous first oxide layer
on which large islands have begun to coalesce and on which
an additional layer is visible. Most of the islands have an
apparent height of approximately 1.5 nm, as measured from
the STM image section. This distance, setting the periodicity
along the [111] direction, corresponds to three (111)-physical
monolayers (PMLs) of Fe;O4(111), where a single (111)-PML
is understood to consist of a stack of two oxygen layers,
two tetrahedral-Fe layers, and two octahedral-Fe geometrical
(atomic) layers with a total thickness of 0.485 nm (see Fig. 1).
The topmost layer is formed by islands that protrude 0.5 nm
above the 1.5-nm level. The height of the islands is quantized;
it is an integer multiple of the PML thickness. The total
coverage, as estimated from the STM image analysis, exhibits
good correspondence to the amount of deposited iron (0.5 nm)
within the assumed phase composition. The first continuous
FeO-like layer consumes 0.14 nm of iron, and the total volume
of the Fe;04(111) islands yields an average coverage of 1.6
PML, consuming the remaining 0.36 nm of Fe. As a whole,
typical Stranski—Krastanov growth was observed, in which
further growth proceeds via three-dimensional islands on the
continuous FeO-like monolayer.

For thicker layers (prepared using 0.8 nm, 1.5 nm, and
5.0 nm of >’Fe), the growth continues in the same way, as
exemplified in Fig. 2(f) for the sample with an iron content
of 0.8 nm [nominally 3.4 PML of Fe;O4(111)]. The LEED
pattern is dominated by spots that are typical of the Fe;O4(111)
surface. Weakening satellites produced by FeO are visible only
for the 0.8-nm Fe sample. With increasing thickness, the STM
images show the increasing height distribution of the magnetite
islands. The atomic resolution images (not shown) display
0.6-nm atomic periodicity on most island surfaces, which is
characteristic of (1/4 ML)-tetrahedral termination and is also
a superstructure characteristic of oxygen deficient areas.*”

B. CEMS results for Fe;O, films

All films were analyzed in situ by means of conversion
electron Mossbauer spectroscopy to conclusively identify their
oxide phase and probe their magnetic properties. The results
of the room temperature Mossbauer measurements and their
analyses are collected in Fig. 3. It seems reasonable to start
the analysis with the spectrum of the thickest film (5 nm of
57Fe, nominally producing 10.5 nm of Fe3;0,), which has a
strong character of bulk magnetite. The Mossbauer spectrum
of bulk magnetite at room temperature is characterized by
two sextets. One, denoted A, has a hyperfine magnetic field
of By = 48.8 T and an isomer shift of IS = 0.27 mm/s
relative to «-Fe; it corresponds to the Fe3t, ions at the
tetrahedral A sites. The second one, denoted B has By =
45.7(2) T and 1S = 0.65 mm/s; it is the signal with Fe>>*
character from the cations at the octahedral B sites. Fe™? and
Fe’* are indistinguishable because of fast electron transfer
(electron hopping).’! Very similar components with minor
modifications of their hyperfine parameters as a result of
finite size and surface effects*> constitute 95% of the spectral
intensity. The remaining 5% (corresponding to no more than
1 ML) is in a single line with /.S = 0.34 mm/s, similar to
that found previously by Schedin ef al.?! This line has been
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FIG. 3. (Color online) Evolution of room temperature CEMS
spectra with increasing thickness for iron oxide films grown on
Pt(111) by reactive deposition of iron. The inset at the 1-nm
spectrum shows the effect of low temperature (108 K). The lines
show the result of the best fit and the deconvolution into spectral
components. Green (dotted) and red (solid) lines correspond to
components unambiguously identified as coming from magnetite,
denoted A (tetrahedral Fe) and B (octahedral Fe), respectively, and
the blue (shaded) components identified as coming from interfacial
oxide-Pt(111) phases.

interpreted as coming from an FeO monolayer at the Fe;O4/Pt
interface or, more recently, as from iron atoms dissolved in the
Pt substrate.”” The latter interpretation considers the possible
accumulation of Fe dissolved in the Pt substrate after many
preparation cycles. In the case of the in-situ measurements
in this study, such an effect is definitely excluded by CEMS
measurements performed on the Pt(111) substrate in a cleaned
state, which never showed any resonance signal.

As the film thickness decreases, the spectra show pro-
nounced deviation from those of the bulk. This change is
manifested in two types of effects: (i) the magnetically split
components become broader, less resolved, and characterized
by smaller hyperfine magnetic fields; and (ii) the relative
intensity of the central single line increases. The first one
is a size effect produced by the finite film thickness and the
island structure. The distribution of the hyperfine parameters is
caused by the broken translation symmetry normal to the film
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(enhanced surface contribution)*? and in the film plane, which
results in differentiated local coordination of the iron atoms
exposed at the surface and at island boundaries. The reduced
thickness is also reflected in the reduced Curie temperature,
which in turn produces smaller value of the local magnetization
(measured by the hyperfine magnetic field). Also, superpara-
magnetism plays an essential role in blurring the Mossbauer
spectra, as it was demonstrated recently for Fe;O04(001) films
thinner than 5 nm.” The superparamagnetic relaxation is
blocked by lowering the temperature, and the CEMS spectra
at cryogenic temperatures reveal typical features of magnetite
(an example for a 2-PML film is shown in the inset of Fig. 3).

The second effect, namely the intensity increase of the
central single line, supports the interpretation (based also on
the LEED and STM data) that the single line has its origin
at the interface, where one oxide monolayer of a specific
stoichiometry (FeO) is formed, in analogy with previous
studies of magnetite films prepared by the oxidation of metallic
iron.!® The CEMS analysis, using a smaller velocity scale
(resulting in better resolution), reveals details of the hyperfine
pattern for the 1-ML FeO film (compare the top spectrum
in Fig. 3). The apparent single line includes three distinct
components: a central line with 7S, = 0.34(1) mm/s and two
doublets with 7S,1 =0.31(2) mm/sand I S,; = 0.40(3) mm/s
split by a quadrupole interaction. The quadrupole splitting
parameters, which are QS; = 0.58(5) and QS = 1.05(8),
respectively, points to lowered symmetry of the corresponding
iron sites and resulting electric field gradients, which is
consistent with the variation in the surface potential within
the moiré unit cell of the FeO/Pt(111) coincidence structure.*

IV. IRON OXIDES OBTAINED BY OXIDATION OF
METALLIC-Fe MONOLAYERS

Usually, iron oxide thin films on Pt(111) are grown by post-
preparation oxidation of consecutive metallic Fe monolayers in
an O, atmosphere at an elevated temperature.'”!%21:35-38 The
typical growth conditions for these films consist of oxygen
pressures between 1077 and 107% mbar and temperatures
between 830 and 1000 K. Films prepared in this way have a
complex structure that depends on their thickness and prepara-
tion condition (oxygen pressure and substrate temperature),'®
as well as their postpreparation treatment.>>** A consensus
exists that, at the initial growth stage, a wustite-like FeO(111)
mono- and bilayer are stabilized; beyond this, the layers have
the Fe;O4 stoichiometry.

Ritter e al.'” reported that the completion of the second and
third FeO layers, as well as the characteristics of Fe;O04(111)
island growth that starts between 2 and 3 ML of FeO
coverage, critically depends on the film oxidation temperature.
Following this observation, we used lower temperature and
oxygen partial pressure than the values specified in the typical
parameters during monolayer oxidation to further suppress
the formation of magnetite. Metallic iron was deposited
on the Pt(111) substrate at room temperature in doses that
nominally produced FeO monolayers (1 ML of FeO needed
0.14 nm of Fe). Only the first iron monolayer was oxidized
at 1 x 107® mbar of O, and a substrate temperature of 850 K
for 2 min. Starting from the second layer, different oxidation
conditions were employed: a temperature of 570 K and an
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oxygen exposure of 0L at5 x 1078 mbar. Finally, the samples
were annealed under UHV for 10 min at 900 K to allow
temperature-driven rearrangement at the atomic scale.

A. LEED and STM

The initial growth of FeO is essentially the same as that
reported previously,'” with typical LEED patterns for the first
two FeO monolayers (not shown) revealing a moiré superstruc-
ture produced by the mismatch between the stretched oxide
monolayer and the Pt substrate. With increasing film thickness,
the LEED pattern gradually simplified by disappearance of
the substrate features, transforming to a simpler six-spot
symmetric satellite pattern around the main FeO(111) spots,
as shown in Figs. 4(a)—4(c). Simultaneously, the surface lattice
constant gradually increases from 3.09(1) to 3.13(1) A. The
superstructure can eventually be described as (7 x 7) with
respect to the (1 x 1)FeO(111) pattern, with an in-plane
lattice constant of 3.14 + 0.01 A, which corresponds to
a superstructure period of approximately 22 A. Then, at a
thickness between 7 and 10 ML, a second structural domain
appears, as manifested by the second set of spots rotated by
30°. The character of these new features changes slightly from
preparation to preparation (this observation is derived from
five independent preparation runs) in an uncontrolled way.
Sometimes, the second set of spots displays the superstructure
as described above; however, its maximum intensity occurs
at slightly different energy and focus conditions. Sometimes
the structural domains also appear different at different
macroscopic sample positions.

Additional information comes from the STM images.
Initially, the films grew flat, and we observed the coincidence
structures that are typical for the first and second monolayers.'”
However, in contrast to the previous studies, the flat growth
continued beyond the second monolayer, as clearly shown
in the STM images in Fig. 4. The size of the atomically
flat terraces corresponds to that of the Pt substrate, and only

FIG. 4. (Color online) LEED patterns and STM images (400 x
400 nm?, middle; and 100 x 100 nm?, bottom) for iron oxide films
grown on Pt(111) by oxidation of iron monolayers. The columns
correspond to the nominal oxide thickness of 3, 4, 5, and 7 ML, from
left to right, respectively.
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the two topmost layers are typically exposed. For the third
and fourth monolayers [Figs. 4(i) and 4(j)], a regular moiré
pattern is visible with a periodicity of 23 4 1 A, in agreement
with the LEED patterns. For thicker films, the acquisition
of the STM images became more laborious, and the atomic
scale periodic corrugations were replaced by irregular ripples
with a ~0.5-A amplitude [Fig. 4(k)]. Both the amplitude
and the pattern of these ripples were strongly dependent on
the thickness. The ripples seem to have topographic (not
electronic) character, and they are an effect of buckling due
to epitaxial stress or polarity compensation. For the thickest
films (approaching 20 ML), the STM scans became very
unstable and produced fuzzy images. All these effects strongly
influenced the STM-measured monoatomic step height, which
did not show any systematic changes as a function of the film
thickness. The average value was similar for all thicknesses,
close to 2.5 A expected for the (111)-oriented Fe-O bilayers
in the bulk rock-salt FeO structure, but it was subjected to a
considerable experimental error of approximately 0.2 A.

The surface symmetry of our iron oxide films, as observed
with LEED and STM, indicates that the growth of oxygen-
terminated FeO(111) continues over 10 ML for specific prepa-
ration conditions. The stoichiometry and the surface structure
of these films are very different from those of the Fe;O4(111)
films on Pt(111) described in the previous section. For the
magnetite films, we determined the AES signal ratio of the
510-eV oxygen and 651-eV iron lines to be R = 3.8(1), while
the thick FeO films had an R value of 2.9(1), proportionally
to the expected oxygen-iron stoichiometric ratio. However,
despite the wiistite stoichiometry, the electronic and magnetic
properties determined by CEMS measurements of the films
are different from those expected for FeO films of the NaCl
structure, as described in the next subsection.

B. CEMS results for FeO films

The Mossbauer spectra of our FeO films are specified in
reference to the wiistite spectra. Wiistite adopts the rock-salt
structure above its Néel temperature (7 ~ 198 K). However, it
is well known that FeO is nonstoichiometric, accommodating a
cation deficiency by the formation of octahedral iron vacancies
and a small number of tetrahedral iron(IIl) interstitials.
These defects tend to aggregate and form tetrahedral units,
which were identified by neutron diffraction and Mossbauer
spectroscopy.*'*> The bulk magnetic properties of wiistite
Fe, O are complex; it is an antiferromagnet with an exact Néel
temperature that depends on y.** Below the magnetic ordering
temperature, Fe, O undergoes a thombohedral distortion, and
the iron spins align along the [111] direction of the unit
cell, forming antiferromagnetically coupled alternate (111)
iron ferromagnetic sheets.** Considering the cubic structure,
the Mossbauer spectrum under ambient conditions should
contain one singlet corresponding to Fe>* in the octahedral
site; however, due to the nonstoichiometry of the material, the
room temperature spectra show several singlets and doublets
corresponding to undistorted octahedral Fe?* sites, octahedral
Fe?* sites associated with vacancies and complex defect clus-
tering, and also Fe*" in octahedral and tetrahedral positions.>*
The doublet that dominates the spectrum is a fingerprint of
the wiistite Mossbauer spectrum, with a relatively high isomer
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FIG. 5. (Color online) Room temperature CEMS spectra for iron
oxide films grown on Pt(111) by oxidation of iron monolayers as a
function of increasing thickness. The lines show the result of the best
fit and the deconvolution into spectral components: blue (shaded)
and red (solid) are the low isomer shift (LIS) components in the
nonmagnetic and magnetic state, respectively, and green (dotted) is
the high isomer shift (HIS) component.

shift value of / S &~ 0.9 mm/s and a distinct quadrupole splitting
of 0S ~ 0.6 mm/s.

The CEMS spectra of our FeO films, whose evolution
with increasing thickness is shown in Fig. 5, are indicative
of a nonwiistite phase. The most characteristic features of the
spectra set are following: (i) an isomer shift in the range of
0.3 mm/s of the dominant spectral components, (ii) small or
negligible quadrupole splitting, and (iii) a magnetic order that
appears in a certain thickness range.
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The lines in Fig. 5 are the results of numerical fits of the
CEMS spectra, including their decomposition into spectral
components. The spectra were fitted with consideration of
consistency in the evolution of spectral components with
increasing thickness. The CEMS spectrum for one (not shown)
and two FeO monolayers are similar, presenting a slightly
asymmetric line that can be best fitted with a single line
centered at /.S =0.35(1) mm/s and broader features that can be
described as one or two quadrupole doublets with Q S ranging
between 0.5 and 0.9 mm/s and 7 S between 0.3 and 0.4 mm/s.
A similar spectrum was also observed for the monolayer oxide
film prepared by the reactive deposition of iron (Fig. 3 in the
previous section). Considering the high structural quality of the
monolayer iron oxide films, the diversification of the spectral
component can be explained by the different positions of the
iron atoms in the modulated FeO coincidence structures. The
analysis of this issue presents a topic for further study.

Starting from the 3-ML thickness, the spectra reveal a
long-range magnetic order that is manifested in the 3-ML
spectrum as a broadening of the central features and for the
thicker films as a distinct six-line magnetic pattern, which
is superimposed with a A-shaped component, indicating a
broad distribution of the hyperfine magnetic field. The six-line
pattern has an isomer shift close to that of the central single
line (IS =~ 0.3 mm/s), while the center of gravity of the
A-shaped component is shifted to a more positive velocity
(IS in the range of 0.5 to 0.6 mm/s). Depending on the
preparation run, the distinct magnetic features of the spectra
were observed in the thickness range from 3 to 10 ML, and the
different spectral components appeared slightly different. In
particular, the single line that reappears in the presented dataset
for the 8-ML samples sometimes coexists with the magnetic
component in a wider thickness range. For the thickest films,
10 ML and above, the distinct magnetic component disappears,
and the spectrum is dominated by the central single line.
However, signs of the magnetic order remain in the form of a
broader A-shaped satellite with a higher isomer shift.

The results of the numerical analysis of the FeO spectra
over the entire range of thicknesses are summarized in Fig. 6.
To describe the evolution of the samples with increasing
thickness, we take the isomer shift value as the fingerprint
of the chemical state of the Fe ions. In such an interpretation,
the samples contain two types of iron, those with lower 7S
(LIS) and those with higher 7S (HIS). The LIS component
dominates, with an LIS-to-HIS ratio of 70 to 30 (£10). The
predominant LIS component has a hyperfine pattern that is
unusual for the high spin Fe?T ions expected in a bulklike
FeO structure, indicating the presence of another state (e.g.
Fe’*). While the value is relatively stable across the entire
thickness range, the evolution of the spectral magnetic features
indicates the existence of sharp phase transitions. The onset
of a long-range magnetic order between 3 and 4 monolayers
may be associated with a size effect that consists in an increase
of the magnetic phase transition temperature with increasing
thickness.2® However, the origin and the character of the room
temperature long-range magnetic order (absent in bulk FeO)
as well as its disappearance above 10 ML are intriguing.
The hyperfine magnetic field (Bys) of the dominating LIS
component in the magnetically ordered state amounts to
approximately 30 T, which significantly differs from the
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FIG. 6. (Color online) Results of CEMS analysis for iron oxide
films grown on Pt(111) by oxidation of iron monolayers: (top) isomer
shift (relative to «-Fe), (middle) fraction of spectral component, and
(bottom) hyperfine magnetic field as a function of the increasing
thickness. Squares and circles are used for the low isomer shift
(LIS) component in magnetic and nonmagnetic state, respectively;
diamonds are used for the high isomer shift (HIS) component.

value that occurs for Fe** high spin states (approximately
50 T). Assuming that only the contact term contributes to
By, the observed value would correspond to a spin magnetic
moment of approximately 3 pp because the ground state
estimate of Bjy produced by 3d-polarization effects provides
approximately 11 T per unpaired 3d spin (see page 103 of
Ref. 45).

From the CEMS data alone, the type of the magnetic order
cannot be determined. Therefore, using a UHV transportable
chamber, one particular sample, 5 ML thick, in which a
magnetic order was detected by CEMS, was transferred
to another UHV system with in-situ magneto-optic Kerr
effect facility. The hysteresis loop measured in longitudinal
geometry is shown in Fig. 7, revealing a nonzero magne-
tization in the remanent state and indicating a ferro- or
ferrimagnetic order. We also observed that the magnetic order
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FIG. 7. (Color online) Hysteresis loop measured using magne-
tooptic Kerr effect for a 5-ML FeO film on Pt(111).

collapsed after the sample was exposed to the air, and neither
magnetic nor structural properties could be restored after
reintroduction into UHV and thermal annealing, as it was
possible for thick iron oxide films on Pt(111) with the Fe, O3
stoichiometry.*0

The observation of room temperature magnetic order
(unusual for FeO), together with the atypical hyperfine pattern,
signifies electronic properties that are very different from those
of bulk FeO. The magnetic moment estimated from the B,y
value could suggest the high spin 2+ state of iron; however,
the low value of IS is inconsistent with the well-established
systematics for the iron ionic compound (see page 90 of
Ref. 45). The unusual 7§ can be explained by the covalency
effect, which is understood as the contribution of 4s electrons
to iron-oxygen bonding.*’ Such an effect would require a
decrease of the Fe-O bond distance, which was directly
confirmed for the first FeO monolayer*® and may well be
expected for the thicker films, especially if the stabilization of
relatively thick polar films occurs via structural modification
of the bulk phase. Such a situation was discussed theoretically
for the MgO(111) case by Goniakowski et al.,*> who showed
that a graphite-like structure could provide an alternative
to the expected rock-salt structure. We also consider the
existence of an alternative structure for FeO, moreover that the
rock-salt phase in bulk must be stabilized by deviation from
stoichiometry and that bulk FeO shows structural, electronic,
and magnetic phase transformations at high pressure.?*>0-52

As stated above, the CEMS spectra indicated some inhomo-
geneity in the sample. The A-shaped HIS component with a
broad distribution of B,y also shows a magnetic transition, but
it is less sharp than the LIS transition. Moreover, numerical
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analysis proved that the magnetic order associated with the
HIS component does not collapse entirely as the film increases
in thickness. Rather, a small B,; of approximately 3 T is
characteristic of the entire thickness range between 10 and
17 ML. This component could be interpreted to indicate the
presence of a phase with a different (e.g. antiferromagnetic)
order, whose occurrence requires the atomic volume to change
with the evolution of an epitaxial stress. Similar volume and
structure dependence of the magnetic moment and hyperfine
magnetic field has been observed in bee- and fec-iron.”? Stress
relaxation may also be responsible for the phase separation,
as directly observed in LEED and CEMS and suggested by
the ripple pattern observed in STM. One can also argue that,
under highly reducing conditions during the postdeposition
annealing, a part of iron deposit remains not-oxidized, e.g. it
stays in a form of metallic precipitates in the oxide layer or
is intermixed with the Pt substrate. Such irons would give a
characteristic hyperfine pattern detectable within the sensitiv-
ity limit of our CEMS measurements, which is a fraction of
monolayer. The presence of the metallic Fe precipitates can be
practically excluded by virtue of their expected isomer shift
close to zero, and such a spectral component is absent. On the
other hand, because the isomer shift of iron diluted in Pt (0.34
mm/s)>* does not differ much from the average value for the
single line LIS component (0.295 mm/s), we cannot exclude
a minor dilution of Fe in the Pt substrate. The upper amount of
such iron atoms can be estimated from the 7-ML spectrum in
Fig. 6, by a forced fit including a single line typical for Fe in
Pt. Within the fit, such a line could constitute at most 1.3% of
the spectral intensity, which corresponds to less than 0.1 ML
of iron diluted in Pt. Such an amount (if present) should not
contribute to the observed structural and magnetic properties
of the FeO films.

V. CONCLUSIONS

Preparation of iron oxide films on Pt(111) by different
methods, namely, the reactive deposition of iron and the

PHYSICAL REVIEW B 85, 075436 (2012)

oxidation of metallic iron monolayers, produced magnetite
(Fe;04) and FeO phases, respectively. Over a broad thickness
range (up to 10 nm), the Fe3Oy island films present many
features of the bulk, with the exception of one interfacial
monolayer at the Pt(111) substrate, which is nonmagnetic at
room temperature and has FeO stoichiometry. The electronic
and magnetic properties of the magnetite bulk phase are mod-
ulated only by superparamagnetic size effects for thicknesses
below 2 nm, and they are influenced by some degree of disorder
characteristic for low-dimensional systems.

In turn, the FeO films, which could be stabilized in a flat
and continuous form as thick as 4 nm (17 Fe-O bilayers)
with careful optimization of the oxidation conditions, had very
different electronic and magnetic properties from those of the
bulk FeO with rock-salt structure. The hyperfine interaction
parameters were derived from the measured CEMS spectra,
which usually provide good fingerprints of the oxide phase.
These parameters cannot be associated with any compound
existing in bulk. In particular, the isomer shift indicates
a high degree of covalency in the Fe-O bonds. However,
the most remarkable feature is the long-range magnetic
order (presumably ferromagnetic) observed in the thickness
range of a few monolayers. Certainly, epitaxial strain related
to the film-substrate lattice misfit and the polarity of the
(111)-oriented films must play some role; however, taking
into account the strength of the observed effects, we do
not exclude the explanation that the resulting distortions
might have induced a transition to a different structural
phase.
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