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The magnetic and chemical structure of metal/oxide interfaces were studied in cobalt/magnetite (Fe304) and
cobalt/hematite (x-FexO3) epitaxial heterostructures using the comprehensive selection of microscopic and
spectroscopic methods. It was observed that the cobalt nanostructures and ultrathin films were oxidized at both
interfaces, with a thicker cobalt oxide layer in the system with hematite. The formation of cobalt oxides was
accompanied by the interfacial reduction of iron that modified magnetic properties of the iron oxides layers. In
particular, uncompensated magnetic moments appear in antiferromagnetic hematite, and the orbital magnetic

moment of Co grown on magnetite is significantly enhanced for thicknesses below 1 nm. Synchrotron magnetic
microscopy showed a direct correlation in the domain structures of the cobalt/iron oxides: ferromagnetic
coupling between cobalt and magnetite and between cobalt and the magnetically modified layer of hematite.

1. Introduction

Metal-oxide interfaces play an important role in shaping the struc-
tural, electronic, and magnetic properties of functional heterostructures,
which are widely studied due to their importance for both fundamental
and applied sciences [1] in various fields, including spintronic [2-5] and
catalysis [6,7]. Of special interest for spintronics are the hetero-
structures comprising magnetic oxides, both ferro- or ferrimagnetic (FM
or FiM) and antiferromagnetic (AFM) [8]. In particular, FiM magnetite
was one of the first oxides considered for spintronic applications due to
its high Curie temperature and high spin polarization at the Fermi level
[9]. Hematite has recently attracted much attention since its applica-
bility in antiferromagnetic spintronic devices was demonstrated [10].
Numerous papers were devoted to metal-oxide systems, including an FM
metal and a simple AFM oxide (see [11] for review). Still, much less
attention was paid to the interfacial atomic and magnetic structure in
epitaxial metal-oxide heterostructures, including the iron oxides
mentioned above, i.e. Fe304 and a-Fe;0s3.

In this paper, we present a comparative analysis of the interfacial
properties of two epitaxial systems: Co/Fe304(111) and Co/
a-Fex03(0001). It is worth noting that there is a lack of experimental
data on the adsorption and growth of cobalt on the (111) surface of
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magnetite, and only a single paper deals with Co adsorption and
magnetism of the Co/Fe304(001) system [12], as reviewed by Parkinson
[13]. Conversely, cobalt films on a-Fe;03(0001) films grown on Pt(111)
and a-Aly03(0001) single crystals have been extensively studied by a
French group [14-19], who reported several fundamental structural and
magnetic properties of this model FM/AFM thin film system.

Here, we present the significant refinement of that research by
considering the so-called biphase surface structure of the studied oxides
[20-23]. The term “biphase” refers to several types of hexagonal
reconstruction on the Fe3O4(111) and a-Fe;03(0001) surfaces, charac-
terized by different atomic structures and periodicities within a 5 nm
range. The explanation of the biphase superstructures on magnetite
[20], as well as on hematite [22], involves a surface atomic layer with
modified stoichiometry. In comparison to the previous studies, we
employed an alternative substrate for the iron oxide films, namely ul-
trathin Pt(111) films on MgO(111) [24], and investigated the Co-
thickness dependence. The comprehensive characterization of the Co-
magnetite and Co-hematite systems grown by molecular beam epitaxy
(MBE) was performed in situ, by surface sensitive methods, low energy
electron diffraction (LEED) and scanning tunneling microscopy (STM),
and ex situ, using methods with chemical and magnetic sensitivity:
conversion electron Mossbauer spectroscopy (CEMS), X-ray absorption
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spectroscopy (XAS), X-ray photoemission electron microscopy (X-
PEEM) and X-ray magnetic circular dichroism (XMCD). We demon-
strated the direct correlation between the chemical and magnetic state
of interfacial Fe and Co atoms.

2. Experimental details

The laboratory in situ experiments were performed in an ultrahigh
vacuum (UHV) system with a base pressure of 2.10710 mbar, including
MBE equipment and standard surface characterization tools, LEED, and
STM. Among other metals, cobalt, and iron isotope (*’Fe) were evapo-
rated from Knudsen cells (BeO crucibles, pressure during the deposition
in a 1071 mbar range) to grow metallic films or reactively, under mo-
lecular oxygen pressure, for oxide films. Platinum and MgO were
evaporated from electron beam sources. The evaporation rate was
calibrated using a quartz microbalance. Epitaxial iron oxide layers with
a typical thickness of 10-20 nm were grown on two substrate types: on a
Pt(111) single crystal and MgO(111) with a 10 nm thick epitaxial Pt
(111) buffer layer. The single crystalline Pt(111) substrate was cleaned
by repeated cycles of annealing in an oxygen atmosphere (3-10~7 mbar,
10 min, 800 K), Ar" bombardment (3~1O’6 mbar, 1 kV, 10 mA, 30 min)
and flashing at 1200 K under UHV until a sharp Pt(111)-(1x1) LEED
pattern was observed. The Pt(111) films on MgO(111) were deposited at
room temperature (RT) and annealed for 25 min at 800 K. Using the Pt
(111)/MgO(111) substrates allowed a fast-track fabrication of good
quality samples without the cumbersome process of cleaning the Pt
single crystal and then simplified ex situ measurements. Iron oxide films
were grown using the %’Fe isotope to enable Méssbauer spectroscopy
characterization.

Epitaxial magnetite Fe304(111) films were grown by reactive depo-
sition of iron on the Pt(111) surface under an oxygen partial pressure of
8-10~® mbar at 520 K, followed by 30 min annealing at 770 K. Hematite,
a-FeyO3 (0001), films were prepared by oxidation of the pre-deposited
magnetite films by annealing at 730 K for 45 min under an oxygen
partial pressure of 3-10™° mbar. At each preparation step, the film
quality was checked in situ by LEED and STM.

Cobalt films, flat and wedged, were grown by MBE. The Co wedges
were deposited at RT with a coverage gradient ranging from 0.2 to 2.2
nm over a 2-mm distance, concluded with a 3 nm flat film. The samples
included reference areas without Co. All films were covered with a 3 nm
MgO layer for ex situ measurements. The irreducible MgO coating was
used for its high X-ray transparency and stable character.

The STM measurements were performed at RT using an RHK VT-
UHV300 microscope operating in the constant-current mode. The stoi-
chiometry of the iron oxide films was verified by ex situ CEMS. CEMS
measurements were performed at RT using a standard constant accel-
eration Mossbauer spectrometer, a He/CHy gas flow electron detector,
and a 50 mCi *’Co/Rh source.

The synchrotron part of the research, X-PEEM and XAS experiments
that allowed the elemental-sensitive chemical analysis and both
exploiting the magnetic sensitivity of XMCD was performed at the soft X-
ray bending magnet PEEM/XAS beamline [25] at the National Syn-
chrotron Radiation Centre Solaris [26]. The beamline was equipped
with two end stations: a PEEM station (Elmitec PEEM III microscope
with the energy analyzer) and a universal XAS station.

PEEM imaging was performed at the Fe and Co L3 edges with the left
and right elliptically polarized X-rays illuminating the sample at a
grazing angle of 16°. The magnetic contrast of FM and FiM domains
emerges as the difference, pixel by pixel, of two PEEM images, I_ and I,
taken with the opposite helicities, normalized to their sum, to yield the

XMCD-PEEM asymmetry image Ixvcp = =y~ The local XMCD asym-

metry is proportional to the projection of the magnetization on the di-
rection of the incident X-ray beam.

In the XAS station, the XMCD spectra were derived from the XAS
measurements at the Fe and Co L3 edges in the external magnetic field of
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+ 0.14 T parallel to the X-ray beam, and the photon incident angle was
45° for left and right elliptical polarization. The degree of polarization
was determined using thick Fe and Co samples and literature data
concerning experimental verification of the XMCD sum rule for iron and
cobalt [27]. The XAS and XMCD spectra were L-edge jump normalized,
setting in the XAS spectra the Lg pre-edge region to 0 and the post-edge
Ly region to 1. In the XAS station, the spectra could be measured with a
spatial resolution of 40 pm, whereas the PEEM images were collected
down to the 10 pm field of view (FoV), with a theoretical spatial reso-
lution of one pixel out of a 512 x 512 array.

3. Results and discussion
3.1. Characterization of the oxide layers

The surface structure, represented by LEED patterns, and
morphology, observed from STM images, of the two substrate types used
for the preparation of the iron oxide layers are shown for the Pt(111)
single crystal and the Pt(111)/MgO(111) substrates in Fig. 1a and 1le,
respectively. The surface of the single crystal is characterized by large,
flat terraces with uniformly oriented monoatomic step edges and a sharp
LEED pattern with 3-fold symmetry of the (111)-fcc surface. The average
terrace width of approximately 15 nm indicates a miscut angle between
0.5 and 1 degree relative to the (111) plane. The STM morphology of the
10 nm Pt layer on MgO(111), shown in Fig. le, is different. The less
regular terraces are separated by a pair of coupled screw dislocations.
This morphology results in blurred LEED spots, reflecting the distribu-
tion of local terrace inclination over the probed surface.

The morphological differences between the Pt-substrates are re-
flected in the corresponding images of the magnetite layers, as shown in
Fig. 1b and 1f for 10 nm Fe304 deposited on the Pt(111) single crystal
and Pt(111)/MgO(111), respectively. In both cases, the STM images
reveal continuous films with a step height corresponding to the physical
monolayer thickness of Fe304(111), i.e. 0.5 nm. The LEED patterns
exhibit a (1x1) hexagonal symmetry of the so-called regular Fe304(111)
surface [20]. The stoichiometric magnetite films with this regular sur-
face were the starting point for stabilizing the Fe304(111) surfaces with
biphase superstructures or obtaining hematite films. According to our
standard procedure [20], the biphase superstructure was stabilized by
the surface enrichment of the magnetite film with 0.4 nm of metallic Fe
deposited at RT, followed by annealing at 720 K for 15 min. For
magnetite deposited on the Pt(111) single crystal (Fig. 1c), the biphase
appears in the LEED pattern as satellites surrounding the main magnetite
spots. In the corresponding STM image, two types of hexagonal super-
structure are seen on different terraces, with a periodicity of 5+0.5 nm,
which means a coexistence of two biphase superstructures termed in the
literature as B and C [21]. In contrast, the blurred spots for the Pt(111)/
MgO(111) substrate hinder observation of the biphase superstructure in
the LEED pattern. However, a hexagonal network, similar to that
observed on the Pt(111) single-crystal substrate, is distinct in the STM
image shown in Fig. 1g.

Results for hematite layers formed by the oxidation of the magnetite
films are shown in Fig. 1d and 1h. The LEED patterns follow the ten-
dency observed for the magnetite films. For the single crystal Pt(111)
substrate (Fig. 1d), sharp spots with satellites of the biphase super-
structure [22,28] indicate the high structural quality of the
a-Fep03(0001) surface, and for the Pt(111)/MgO(111) substrate
(Fig. 1h) the pattern symmetry unambiguously indicates the
a-Fep03(0001) surface but the spot broadening leaves the structural
details hidden. In turn, the STM images of the hematite layer on Pt(111)
(Fig. 1d) and Pt(111)/MgO(111) (Fig. 1h) both show surfaces with a
honeycomb biphase superstructure. For hematite on Pt(111), the su-
perstructure periodicity is 4.5 nm, whereas, for hematite on Pt/MgO
(111), an irregular superstructure has periodicity from 4.0 nm up to as
high as 6.5 nm. In contrast to the magnetite films, the uniformity of the
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Fig. 1. STM images (85 x 85 nm?) of the iron oxide layers prepared on Pt(111) single crystal (top row) and the Pt(111)/MgO(111) substrates (bottom row), bare
substrates (1st column), 10 nm Fe304 (2nd column), biphase on Fe304 (3rd column), and 10 nm «-Fe;03(0001) (4th column). For each STM image, the corresponding
LEED pattern taken at an electron energy of 90 eV, with the reciprocal lattice unit cells marked, is shown in the inset, as well as autocorrelation patterns (25 x 25

nm?) from STM images of the hematite surfaces.

biphase in the hematite films on the Pt single crystal is distinctly supe-
rior to that on the Pt buffer layer on MgO(111).

Characterization of the oxide films beyond the surface layer probed
by LEED and STM was accomplished using CEMS, which probes the
entire film volume. The results of the CEMS measurements are sum-
marized in Fig. 2. The room temperature CEMS spectrum of a 10 nm
Fe304(111) layer on Pt(111)/MgO(111) in Fig. 2 (top) indicates a hy-
perfine pattern of bulk magnetite: two six-line magnetic components,
red and green, that correspond to the iron ions in tetrahedral (Fe3*) and
octahedral (Fe?*, Fe>*, averaged due to electron hopping to Fe?5™)
sites, respectively, are occupied in the 1:2 ratio corresponding to the
perfect stoichiometry of magnetite [29]. The relative intensity of the
sextet lines depends on the angle @ between the hyperfine magnetic field
(local magnetization) and the propagation direction of the y-rays, and is
4sin®0
2—sin®6"
ometry of the CEMS measurements (y-rays along the sample normal) the
in-plane and perpendicular magnetization would result in x=4 and x=0,
respectively. The experimental value x=3.4+0.1 perfectly fits the ho-
mogenous magnetization distribution over eight <111> magnetization
easy directions for magnetite, six of which are at the angle of 70.5° from
the sample normal and two along the normal. Apparently, the magne-
tocrystalline anisotropy dominates over the shape anisotropy that would
favor the in-plane magnetization. Low-temperature CEMS measure-
ments (not shown here) indicated that the Verwey transition for the 10
nm magnetite film is at 12442 K, in agreement with earlier results [28].

The CEMS spectrum of 10 nm a-Fe;03(0001) film (Fig. 2, bottom)
reveals perfect Fe>™ sites of bulk hematite. The relative intensity
parameter x=4 unambiguously indicates an in-plane orientation of the
AFM spins. The hematite film did not exhibit the Morin transition down
to 100 K, the lowest achievable measurement temperature. This obser-
vation is not surprising considering the sensitivity of the Morin transi-
tion to epitaxial strains [30].

given by 3:x:1:1:x:3, where x =

For example, for the given ge-

1.15 -+ .
Magnetite

1.1 1

-10 -5 0 5 10

Relative Intensity
o

Hematite
1.1 4
1.05 ~
1 .
-10 -5 0 5 10
v (mm/s)

Fig. 2. The CEMS spectrum of Fe304(111) on Pt(111)/MgO(111) (top) and
a-Fe;03(0001) on Pt(111)/MgO(111) (bottom). Both oxide films are approxi-
mately 10 nm thick.
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3.2. Chemical and magnetic properties of cobalt films and cobalt-iron
oxide interfaces

3.2.1. Comparative STM analysis of Co on magnetite and hematite
Magnetite and hematite surfaces shown in Fig. 1c, d, and h were the
templates for the deposition of cobalt. The topographic STM images as a
function of the Co coverage deposited at RT on FegO4(111)/Pt(111),
a-Feo03(0001)/Pt(111), and a-Fey03(0001)/Pt(111)/MgO(111) are
collected in Fig. 3 in the top, middle and bottom row, respectively.
Taking into account the similarity between Fe304(111)/Pt(111) and
Fe304(111)/Pt(111)/MgO(111) surfaces (compare Fig. 1cand 1 g), STM
imaging of cobalt on this second surface was abandoned. The uniform
distribution of the cobalt clusters over all surfaces proves homogenous
nucleation. However, for the lowest cobalt coverages (0.2 nm), the role
of the biphase superstructure for nucleation becomes apparent in some
areas, where the Co clusters are arranged in a hexagonal pattern cor-
responding to the biphase periodicity. This is confirmed by autocorre-
lation patterns taken from the STM images for 0.2 nm Co and shown in
the insets of Fig. 3. The autocorrelation patterns indicate the presence of
short and long-range order by displaying the distances between repeated

Co/Fe,0,/Pt(111)

o act
0=60.4%

2 M
0=47.5% h=0.42nm
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features found in the STM images. The periodicities of cobalt nano-
particles on Fe304(111)/Pt(111) and a-Fey03(0001)/Pt(111) deter-
mined based on the autocorrelation patterns were 5.1 nm and 4.4 nm,
respectively. These values roughly agree with the biphase’s periodicity
on both iron oxides, as determined from our STM images.

The phase of homogeneous nucleation at characteristic structural
sites of the biphase ends for both substrates already at the lowest cov-
erages (0.2 nm). This initial phase is followed by the growth of three-
dimensional islands, which subsequently undergo coalescence. As the
thickness of cobalt deposits increases, the hexagonal LEED patterns
observed on the Co-covered surfaces (illustrated in the insets of Fig. 3 for
1.8 nm Co) show the reciprocal space surface unit cells (2x2) or
(\/ 3x \/ 3) R30° (marked in blue) relative to the underlying magnetite or
hematite cells (marked in green or magenta), respectively. Due to the
significant lattice mismatch between cobalt and both magnetite (15.5
%) and hematite (13.7 %), the expectation for pseudomorphic epitaxy is
unreasonable. Most probably, the adjustment of the (111)-oriented Co
layers to the oxide substrates occurs through dislocation networks, as
proposed earlier for the Co/a-Fe;03(0001)/Pt(111) system [17]. The
surface cross-sections shown below the STM images for Co/Fe304/Pt

3 nm Co

z(nm)
z(nm)

2
1

3
2
1

Co/Fe,0,/Pt(111)

Co/Fe,0,/Pt/MgO(111)

0=48.2% h=0.32nm  6=50%

h=0.39nm

0=68% h=0.62nm

0=64.5% h=0.5nm 0=66% h=0.52nm

Fig. 3. STM images (85 x 85 nm?) of the Fe;0,4(111)/Pt(111) (top row), a-Fe;03(0001)/Pt(111) (middle row), and a-Fe;03(0001)/Pt(111)/MgO(111) (bottom row)
surfaces covered by increasing amount of Co deposited at RT. The cobalt surface coverage, 0, and average height, h, of the nanostructures are shown below each STM
image. The insets show an autocorrelation pattern (25 x 25 nm?) from STM images of 0.2 nm Co and LEED pattern (90 eV) with marked cobalt and iron oxides

unit cells.
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(111) illustrate the change in the Co adsorbate morphology with
increasing coverage. A quantitative analysis of island dimensions and
their statistics was performed using the automated segmentation algo-
rithm in the SPIP™ (Scanning Probe Image Processor) STM software
package developed by Image Metrology. The significant data of this
analysis, i.e. the average height, h, of the Co islands and their surface
coverage, 0, are given below the corresponding figures in Fig. 3. The
island heights, as determined from the STM images compared to the
nominal amount of deposited cobalt, indicate a transition to the three-
dimensional nanoparticle growth only up to a thickness of 0.4 nm.
Beyond this threshold, growth shifts to the formation of islands atop a
quasi-continuous cobalt (q-Co) layer. Fig. 4 illustrates the morphology of
the Co adsorbate by comparing the nominal cobalt deposition amount
(represented by a dashed line) with the amount of cobalt contained in
the islands (full symbols) and within the g-Co layer (indicated by open
symbols). First, it can be noted that the growth behavior of Co on both
iron oxides is very similar. The equivalent thickness of material present
in the islands is proportional to the product of the coverage and the
average height of the islands, whereas the thickness of g-Co is the result
of subtracting the layered equivalent of the islands from the nominal Co
thickness.

Analysis of Figs. 3 and 4 reveals that the islands nucleate as bilayer
objects, based on the reasonable assumption that the Co atomic layer
thickness is approximately 0.2 nm. However, the STM images do not
provide insights into the chemical nature of the Co-oxide interface. This
aspect will be discussed below based on synchrotron measurements,
which, as demonstrated by Bezencenet et al. [15] for the Co/hematite
system, can effectively detect oxidation states even in covered Co layers.
Summarizing, the STM analysis indicates that the type of oxide substrate
does not significantly influence the morphology of the cobalt layers. In
both studied cases, the initial growth of islands and their subsequent
coalescence result in forming a characteristic structure of quasi-
continuous Co film.

3.2.2. Chemical structure at Co/magnetite and Co/hematite interfaces —
comparative XAS analysis

The chemical structure at the cobalt/iron oxides interfaces was
studied using XAS measurements on the samples with a gradient of the
Co thickness. The shape of the XAS spectra and the peak position depend
on the local electronic structure, and from the characteristic spectral
features, it is possible to distinguish between the metal and oxide states
of a given element. Fig. 5a and 5b show the Co L3 edge spectra measured
for increasing cobalt thicknesses deposited on magnetite and hematite,

34 @ Ilayer equivalent of Co islands on Fe,O, ,
O Colayeron Fe 0, L’
25 @ layer equivalent of Co islands on Fe,0, e o)
’ O Co layer on Fe,0, e
-
- = -Nominal Co thickness L’
2 A '
£ 7700
£ 1.5+ e 0
© R ®
1- - " 60
e - 0
0.5 -
4 RS o e% 0o 000 °
N |
0+ 9
0 0.5 1 1.5 2 2.5 3

Nominal Co thickness (nm)

Fig. 4. Nominal thickness of Co deposit (dashed line), layer equivalent of co-
balt contained in islands (full symbols), and thickness of quasi-continuous Co
layer (open symbols) on magnetite (black) and hematite (red).
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respectively. For the thinnest films, up to 0.5 nm Co, the XAS spectra
reveal multiple features characteristic of oxidized Co [31]. Then, the
spectra gradually evolve towards a single Lg peak, characteristic of Co
metal. Deconvolution of the spectra measured for 0.2 nm Co into the
spectrum of pure Co [32] and CoO [33] (Fig. 5a) showed that approxi-
mately 60 % of the 0.2 nm Co film is oxidized on the magnetite surface.
In contrast, for hematite, the oxidized portion of the corresponding Co
film amounts to 90 % (Fig. 5b). The fast decrease of the Co-oxide signal
with increasing cobalt thickness shows that the oxidation is likely to be
limited only to the interface region. It should be mentioned that the XAS
spectrum of cobalt spinel (CoFe304) [34] is practically indistinguishable
from CoO, and incorporation of Co in the magnetite structure, albeit less
probable at RT, cannot be excluded.

As we show by measuring XAS spectra on the Fe L3 edge, cobalt
oxidation is accompanied by interfacial reduction of iron oxides. Fig. 5¢
and 5d compare XAS spectra for bare magnetite and hematite (black
curves) with those with the Co overlayers. For the thinnest Co coverage
(0.2 nm, red curves), when the sensitivity to the interfacial oxide layer is
the highest, an increase in the intensity close to 708 eV (marked with a
dashed lines) is observed for both oxides. This energy is associated with
iron in the second oxidation state [35]. For higher Co coverages (Fig. 5c,
d blue curves), the XAS spectra are approaching the spectra of pure
magnetite and hematite.

Summarizing, the XAS measurements proved the interfacial oxida-
tion of the Co layer accompanied by the interfacial reduction of iron
oxides. The resulting interfacial oxide phases should not be interpreted
as bulk compounds but as local deviation from perfect stoichiometry
caused by the deficiency of oxygen atoms. Such a picture is supported by
our CEMS measurements (for details, see Supplementary material SM 1),
which do not show any distinct differences in spectra measured for iron
oxide without and with the Co over-layers. The effect of Co is seen only
as a minor broadening of the characteristic hyperfine patterns, indi-
cating the presence of Fe species in a lower oxidation state.

3.2.3. Magnetic structure of Co/magnetite and Co/hematite
heterostructures imaged using XMCD-PEEM

The chemical processes at the interfaces strongly influenced the
magnetic properties of the metal-oxide systems under investigation, as
shown using PEEM imaging with the synchrotron X-ray excitation. This
was possible because the X-PEEM technique enables the direct obser-
vation of the FM or FiM domain structures with elemental sensitivity by
matching the photon energy to the absorption edge of the given element
and optimizing the magnetic contrast by fine tuning the energy to
characteristic features of the XAS spectra for magnetite [36,37] and
hematite [16].

3.2.3.1. Co/magnetite. Fig. 6 shows XMCD-PEEM images of the mag-
netic domain structure recorded at the same area at the Co L3 edge (top
row) and Fe L3 edge (bottom row), for increasing thickness of Co (0.5, 1,
and 2 nm) deposited on 10 nm Fe3O4 on Pt(111)/MgO(111). The
domain structures of magnetite and cobalt are precisely the same,
indicating the ferromagnetic coupling between Co and FegOj4.

The domains for magnetite without cobalt (see Supplementary ma-
terial SM 2) are sub-micrometer-sized, and their character remains un-
changed as the Co thickness increases in measured thickness range. A
similar type of domain structure was observed before for ultrathin
magnetite films using magnetic force microscopy [38,39] or XMCD-
PEEM [40], and it remains in strong contrast to the magnetic domains
observed on the (111) surface of bulk magnetite [41]. The origin of the
fine domains is attributed to a spin disorder at the anti-phase boundaries
formed during the nucleation of the magnetite films [42]. In correlation
with our CEMS results, the observed differentiated contrast distribution
is interpreted as resulting from domains with in-plane and out-of-plane
magnetization components. The in-plane magnetization components
may exhibit six orientations along the <211> directions in the (111)
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Fig. 5. Co L3 edge (a, b) and Fe L3 edge (c, d) XAS spectra measured for the increasing amount of cobalt deposited on magnetite and hematite substrates, (a,c) and (b,
d), respectively. For the 0.2 nm Co L3 spectra, deconvolution into metal-Co and CoO is shown by the blue and green lines, respectively.

0.5 nm Co

oy ¥

XMCD Fe L,

Fig. 6. XMCD-PEEM images (FoV 15 pm) recorded at the Co L3 edge (top row) and Fe L3 edge (bottom row) for different amounts of Co (0.5, 1, and 2 nm) deposited
on 10 nm Fe304/Pt(111)/MgO(111). Photon energy was 708.2 eV and 778.0 eV for the Fe and Co L3 edges, respectively.

plane, corresponding to the surface projections of the off-normal FM cobalt are the same. Their character did not change relative to pure
<111> magnetization easy axes. magnetite, indicating that magnetite enforces the domain structure in
As pointed out above, the domain structures of FiM magnetite and the cobalt layer. Consequently, the size and shape of the cobalt magnetic
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domains do not change with the Co thickness in the investigated range.
Moreover, the exchange interaction with magnetite stabilizes super-
paramagnetism that is expected for cobalt nanostructures [43]. This
interaction makes the magnetic contrast visible even in the limit of the
smallest cobalt deposit with a nominal thickness of 0.2 nm, which gives
nanoparticles 2.2 nm in diameter and 0.42 nm in height (see Supple-
mentary material SM 2).

3.2.3.2. Co/hematite. Fig.7 shows XMCD-PEEM images of the magnetic
domain structure for increasing thickness of cobalt deposited on
a-Feo03(0001)/Pt(111)/MgO(111). The magnetic domains in cobalt on
hematite are significantly larger than those of cobalt on magnetite
(compare Fig. 6). In contrast to cobalt on magnetite, the domain struc-
ture could not be detected below a Co thickness of 0.5 nm. This we
interpret as a combined effect of superparamagnetism (suppressed for
Co/magnetite) and the higher degree of oxidation (compare Fig. 5).
Approximately 90 % of the 0.2 nm Co film is oxidized on the hematite
surface, which explains why the magnetic domains are not observed
below 0.5 nm of Co. The character of the domains did not depend
significantly on Co thickness.

Most importantly, the XMCD contrast was also observed at the Fe Lg
edge (Fig. 7, bottom row), with the domain pattern identical to the Co
domains. The XMCD contrast for nominally AFM hematite indicates the
presence of uncompensated interfacial Fe spins. Bezencenet et al. [15],
based on XAS/XMCD spectra, reported reduced hematite, contributing
to an XMCD response, and oxidized cobalt at the Co/a-FeyOs interface.
Now, we directly visualized the uncompensated magnetic moments on
iron atoms that are ferromagnetically coupled with the cobalt atoms.
Interestingly, the interfacial layer of cobalt oxide does not prevent direct
ferromagnetic coupling between cobalt and the reduced iron oxide
layer. This can be explained either by magnetic polarization of the cobalt
oxide layer or, more plausible, by the discontinuous character of the Co
oxide layer. Moreover, based on the XMCD-PEEM and X-ray magnetic
linear dichroism PEEM observation of the same system [18], we can
indirectly conclude that ferromagnetic spins and the corresponding
domain structure correlate not only with the interfacial uncompensated

0.5 nm Co

XMCD Co L,

XMCD Fe L,

1 nm Co
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Fe spins but also with the underlying AFM domains.

XMCD-PEEM imaging enables directional analysis of the magneti-
zation that is based on the dependence of the local intensity of the XMCD
image, Ixmcp, on the angle a between k-vector of the X-ray and the
magnetic moments M: Ixycp = |[M|cos(x). Using this dependence, the in-
plane distribution of the magnetization can be extracted from the image
series collected by rotating the sample around the normal. The rotation
leads to distinct contrast intensity changes for the domains with an in-
plane magnetization component, whereas domains with the out-of-
plane magnetization do not change their contrast. Due to the hexago-
nal symmetry, depending on the angle «, the cobalt domains should
show at least three and a maximum six contrast levels. Dark and bright
domains dominate the observed domain structure in Fig. 7. This can be
roughly interpreted as a contrast grouping for domains with magneti-
zation components parallel and antiparallel to the k-vector of X-rays.
Consequently, the situation drastically changes upon rotation. The most
characteristic images selected from the set collected by rotating the
sample by 90° in eight steps are shown in Fig. 8. The contrast is reversed
in some regions. Still, it remains almost unchanged in others — more-
over, the degree of the contrast fragmentation changes toward smaller
domains, whose boundaries become less apparent. To reconstruct a
complete magnetization map, the expected angular dependence of the
XMCD signal intensity was fitted for each pixel to determine the corre-
sponding magnetization angle. Fig. 8e shows a two-dimensional
magnetization map of the ferromagnetic domain structure constructed
from the angle-dependent XMCD-PEEM images. The histogram of
magnetization azimuthal angles is shown in the polar graph in Fig. 8f.
Indeed, the magnetization distribution exhibits anisotropic features
mostly concentrated in two opposite directions and a substantial
contribution around the main axis. Moreover, one of the three easy axes,
expected due to hexagonal symmetry, is not represented. The absence of
the third easy axis may be attributed to the limited field of view of the
images and the influence of the AFM domain structure of hematite.
Recently, Wittmann et al. [44] observed anisotropic distribution of AFM
spins in a hematite film due to epitaxial strains, and such an asymmetric
magnetization distribution, very similar to that one in Fig. 8f, can be

2 nm Co

"'-a‘\ \'\

&

Fig. 7. XMCD-PEEM images recorded at the Co L3 edge (top row) and Fe L3 edge (bottom row) for different amounts of Co (0.5, 1, and 2 nm) deposited on 10 nm
o-Fe;03/Pt(111)/MgO(111). Photon energy was 707.8 eV and 778.0 eV for the Fe L3 and Co L3 edges, respectively.
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Fig. 8. XMCD-PEEM images (FoV 10 pm) recorded at the Co L3 edge for 1 nm Co deposited on 10 nm a-Fe,O3/Pt(111)/MgO(111) at azimuthal angles of (a) 0°, (b)
45°, (c) 66°, (d) 90° between the incident synchrotron radiation beam direction and a < 110 > direction of the MgO(111) substrate. The two-dimensional
magnetization map (e) is constructed from angle-dependent XMCD-PEEM images. (f) Histogram showing the number of pixels in the image (e) characterized by
a given azimuthal magnetization angle relative to a < 110 > direction in the MgO(111) plane. Hypothetical Co easy axes are marked as dashed lines.

imprinted locally to the Co film by uncompensated AFM hematite spins.

Concluding magnetic information from XMCD-PEEM, we observed
that the domain structure of the ferromagnet (Co) is driven via direct
exchange coupling by the anisotropy of the ferrimagnet (Fe30O4). On the
other hand, for the FM/AFM (Co/a-FeO3) system, it is possible that
cobalt dominates over hematite, similar to another AFM/FM system,
namely CoO/Fe(110) [33].

3.2.4. Comparative analysis of the magnetic moments in Co/magnetite and
Co/hematite heterostructures using XMCD-XAS

To deepen the understanding of the magnetic structure at the
interface between Co and the iron oxides, PEEM imaging of the domain
structure was complemented by spectroscopic information from XMCD-
XAS measurements. XMCD spectroscopy in core-level absorption, com-
bined with the sum rules, allows an element-specific determination of
orbital and spin magnetic moments [27], thus providing a powerful tool
to study the magnetism of multi-component systems. The XMCD spectra
at Co and Fe Ly 3 edges as a function of the thickness of the Co layer
deposited on the magnetite and hematite films are shown in Fig. 9a, e
and b, f respectively. The intensity of the XMCD signal increases with the
decreasing contribution of the CoO signal to the XAS spectra (compare
Fig. 5a, b). It should be noted that both in PEEM and XAS, estimation of
the investigated cobalt thickness is subjected to uncertainty that makes
direct comparison somewhat ambiguous. With this in mind, the
appearance of the XMCD signal correlates well with the minimum Co
thickness for which the domain structure is observed: 0.2 nm for
magnetite and 0.5 nm for hematite.

The increasing amplitude of the normalized XMCD Co signal reflects
both the chemical changes of the interfacial cobalt layer and possible
changes in the Co magnetic moments as a function of thickness. For both
substrates, the XMCD amplitude saturates at approximately 1.5 nm Co,
below which the XMCD signal is affected by chemical and magnetic size

effects. Because the cobalt atoms in interfacial CoO do not contribute to
the XMCD signal, the magnetic moments obtained from the sum rule
analysis were normalized taking into account the relative contribution
of the metallic Co for different thicknesses.

Fig. 9c and d show the results of the sum rule analysis of the spin and
orbital moments dependence of Co in the metallic phase as a function of
thickness. The results for the magnetite and hematite substrates are
essentially different. For magnetite (Fig. 9c) mgpi, exhibits only a weak
thickness dependence: after initial growth from 1.454+0.06 pp to the
maximum value of 1.79+0.05 pp for 1 nm Co, it moderately decreases
and stabilizes at 1.59+0.04 pg for the thickest 3 nm Co deposit. The FM
order is established for the thinnest films. However, the magnetic mo-
ments are still affected by superparamagnetism, which is responsible for
the initial non-monotonous thickness dependence of the spin magnetic
moment. Considering the morphology of the Co films, as observed by
STM, it is highly probable that the magnetic field during the XMCD-XAS
measurements is insufficient to saturate the smallest Co particles, which
causes an underestimation of the magnetic moments. This effect is much
less pronounced for the orbital magnetic moment that starts at 0.47
+0.06 pp and monotonously decreases to 0.17+0.02 pp. The pronounced
enhancement of the orbital moment in the thinnest film limit is even
better exposed in the myato=morb/Mspin that reaches a value as high as
Myatio=0.35+0.02 for the thinnest film and then monotonously de-
creases to 0.1+0.01, as shown Fig. 9c. This analysis indicates that the
size effects are limited to the Co film below 1.5 nm, and the magnetic
moments for our thickest 3 nm film are close to the values of the bulk
material [27]. A similar conclusion can be drawn for cobalt on hematite,
although due to the lack of FM coupling to the substrate, the super-
paramagnetic effects extend to thicker layers. Therefore, reliable sum
rule analysis is possible starting from a thickness of 0.5 nm. Conse-
quently, the enhancement of the orbital magnetic moment is less pro-
nounced, but the size effect vanishes for similar cobalt thicknesses.
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Fig. 9. (a) and (b) Co L3 XMCD spectra for increasing cobalt thickness on magnetite and hematite, respectively, and the corresponding results of the sum rule
analysis, (c) and (d), respectively. The lines in (c) and (d) are guides to the eye. (e) and (f) Fe L3 XMCD spectra for increasing cobalt thickness on magnetite and
hematite, respectively. For the Fe edge, XMCD spectra for the clean Fe;0,4 and a-Fe;O3 substrates are also shown. Enhanced orbital magnetic moments (see text) are
directly seen in (a) and (b) as suppressed XMCD intensity in the L, region for low Co coverages.

The size effect of the orbital magnetic moment enhancement for
ultrathin cobalt films and multilayers was predicted theoretically
[45,46] and observed experimentally using XMCD measurements
[45,47-51]. Most of the cited papers are concerned with cobalt inter-
faced with a nonmagnetic metal, especially with Cu, for which theory
and experiment agree about several percent enhancement of mgp;, and
much stronger, up to 100 % enhancement of my,, in the monolayer limit
of the Co thickness. This size effect rapidly decreases with thickness d as
1/d, which reflects its surface/interface character [44].

Recently, Zhang et al. [49] reported XMCD experiment and related
first principle calculation for Co/oxide systems, namely Co/Fe304(001)
and Co/MgO(001), the former being closely related to our Co/
Fe304(111). They observe a surprisingly high enhancement of m,y, for a
Co film as thick as 3 nm, which was our upper limit, and for which the
size effect practically disappeared in the presently reported experiment.
Without going into details about the significant discrepancy in the
extent of the size effects between the data in Zhang’s et al. work and the

present results, it seems that the enhancement of the orbital magnetic
moment in the Co/iron-oxide system is significantly larger than that of
Co/metal. The source of this effect should be sought in the specific
electronic structure of the Co/iron-oxide interface.

Fig. 9e shows XMCD spectra for the magnetite substrate at the Fe L-
edge as a function of the Co thickness, including also the spectrum of Co-
uncoated film (black curve). All spectra present typical bulk Fe3O4
features of the L3 edge, i.e. three lines at the energies 708.3 eV, 709.4 eV,
and 710.1 eV, which are related to Fe?*(0y), Fe3*(T4) and Fe3*(Oy),
respectively [36]. Such a complex structure is associated with antipar-
allel spin orientations at octahedral and tetrahedral sites. With
increasing Co thickness, we observed two effects: (i) a pronounced in-
crease in the XMCD signal and (ii) a change in the relative intensities of
the three-line structure. To better visualize the changes, an additional
figure with selected curves has been added to Supplementary material
SM 3. We interpret the intensity increase as the effect of easier magnetic
saturation of magnetite beneath cobalt due to ferromagnetic coupling
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between easy-saturating cobalt and magnetite. This observation is sup-
ported by Kerr magnetometry (see Supplementary material SM 4),
which shows that magnetization of the magnetite film without Co is not
saturated in the magnetic field as high as 1 T, whereas the experimental
setup of the Solaris XAS station gives the possibility to apply maximum
magnetic field of only 0.2 T. On the other hand, there is a striking dif-
ference between XMCD spectra measured in field and in remanence for
magnetite with and without Co. The second effect of reducing the line
intensity at 709.4 eV, associated with the Fe3t contribution, can be
quantitatively explained as a surface reduction of magnetite by cobalt.

Fig. 9f shows XMCD spectra of Co/a-FeyOs at the Fe edge, including
the spectrum of Co-uncoated film (black curve). For clean hematite,
there is no XMCD signal. On the other hand, in agreement with the
magnetic domain structure observed at the Fe L-edge (compare Fig. 6), a
relatively strong XMCD signal appears for increasing Co thickness. This
signal and the observed domain structure reflect an FM or FiM Fe-
composed layer at the Co-hematite interface. Bezencenet et al. [15,16]
interpreted a similar XMCD signal for the same system (Co thickness 1.6
nm and 5.8 nm) as coming from metallic Fe atoms at the interface. These
authors also reported the 9 % contribution of metallic Fe atoms in the
XAS spectra. This is not the case in our XAS spectra, in which deposition
of cobalt results only in a minor change in the line intensity at 708 eV,
similar to Fe3O4, as shown in Fig. 5c and 5d. Therefore, we postulate that
iron atoms at the interface remain in an oxidic state, presumably in the
Fe?* form corresponding to this energy. Also, the XMCD spectrum,
similar to the metallic Fe one, can be ascribed to FeO-like species
[31,35,52]. Additionally, a CEMS spectrum measured for a sample with
Co showed no trace of metallic Fe, whose contribution to the spectrum
would be very distinct from hematite and detectable for one Fe mono-
layer (see Supplementary material SM1).

4. Summary and conclusions

We studied epitaxial heterostructures of ultrathin Co deposits on 10
nm magnetite Fe304(111) and hematite a-FepO3(0001) films. Using in
situ STM, we showed that nucleation and growth morphology of cobalt is
determined by the biphase superstructure artificially formed on the
magnetite and naturally occurring on the hematite surfaces prepared in
UHV. Initially, the Co deposit formed isolated nanoparticles that grad-
ually coalesced above a nominal thickness of 0.4 nm. Finally, at the
maximum studied thickness of 3 nm, a quasi-continuous film, with
surface nano-islands three to four atomic layers high, was formed.

The XAS measurements showed that in both metal-oxide interfaces,
approximately one monolayer of cobalt became oxidized. The XAS
spectra at the L3 Co edge indicated the formation of CoO; however, in the
case of Fe304(111), the formation of interfacial cobalt spinel (CoFe204)
cannot be excluded. The amount of oxidized cobalt only slightly
exceeded 1/2 ML for the Fe304/Co interface and approached 1 ML for
a-FeyO3. The XAS spectra at the L Fe edge indicated that the oxidation
of cobalt is accompanied by the interfacial reduction of iron. However,
based on our CEMS measurements, we can exclude any bulk-like forms
of Fe in a lower oxidation state, particularly metallic iron.

Using XMCD-PEEM, it was possible to image the magnetic domain
structure with sub-micrometer resolution and elemental sensitivity. The
magnetic domain structure for Co on magnetite is very fine and repli-
cates the magnetic domain structure of the underlying FiM oxide. It is
worth recalling at this point that for the given (111)-orientation of the
magnetite films, the easy axes lie along four directions, none of which
are in the film plane. This additional factor, alongside anti-phase domain
boundaries, may contribute to the small size of the domains. Moreover,
as indicated by CEMS measurements, all domains have a magnetization
component perpendicular to the film. Such a domain structure can
produce contrast in MFM measurements, which explains the results
presented by Lewandowski et al. [39]. The identity of the domain
structures of magnetite and cobalt suggests that the magnetization of
cobalt also has an out-of-plane component. Cobalt and magnetite layers
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are ferromagnetically coupled, and an interfacial CoO layer does not
hinder this coupling. From XMCD measurement as a function of the Co
thickness, it is clear that the interfacial CoO layer is in the paramagnetic
(or AFM) state at RT. In contrast, Co on hematite exhibits much larger,
several micrometer-sized domains. Possibly, in this case, it is rather the
FM domain structure of Co that determines the AFM domain structure of
hematite. The observation of the XMCD contrast at the Fe L-edge in the
nominally antiferromagnetic hematite film indicates the occurrence of
uncompensated magnetic moments in the interface layer due to the
proximity of cobalt.

The onset of the long range magnetic order is found at 0.5 nm Co on
hematite and 0.2 nm Co on magnetite. This difference is explained by
the larger extent of Co oxidation at the cobalt-hematite interface on one
hand and by superparamagnetism stabilization at the cobalt- magnetite
interface on the other hand.

Finally, from the XMCD spectra at the Co L-edge, we could determine
the spin and orbital moment of Co as a function of the deposit thickness.
Magnetic spin and orbital moments for our thickest deposit of 3 nm,
Mgpin = 1.6 pB, mep = 0.2 pp and myh, = 0.125 do not essentially
deviate from bulk values. However, with decreasing thickness, an in-
crease of magnetic moments is observed, especially significant of the
orbital one, masked for Co on hematite by superparamagnetism. For Co
on hematite, the limiting values of mqyp, = 0.47 pp and myqago = 0.35 are
significantly larger than the experimental and theoretical values in low-
dimensional Co-metal systems.

We believe the present study significantly contributes to under-
standing the processes at the magnetic metal-oxide interfaces and paves
the way for shaping their functional properties. Significantly, the Co/
a-Feo03(0001)/Pt(111)/MgO(111) heterostructures are promising for
driving the AFM spins in hematite, as recently suggested [24].

CRediT authorship contribution statement

Ewa Madej: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Conceptualiza-
tion. Natalia Kwiatek-Maroszek: Writing — review & editing, Visuali-
zation, Validation, Methodology, Investigation. Kinga Freindl: Writing
- review & editing, Visualization, Validation, Methodology, Investiga-
tion. Jozef Korecki: Writing - review & editing, Writing — original draft,
Visualization, Supervision, Methodology, Funding acquisition, Concep-
tualization. Ewa Miynczak: Writing — review & editing, Methodology.
Dorota Wilgocka-Slezak: Writing — review & editing, Visualization,
Validation, Software, Methodology, Investigation. Marcin Zajac:
Writing — review & editing, Validation, Methodology, Investigation. Jan
Zawala: Writing — review & editing, Visualization, Software, Method-
ology. Nika Spiridis: Writing — review & editing, Validation, Supervi-
sion, Methodology, Investigation, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Jozef Korecki reports financial support was provided by National Sci-
ence Centre, Poland (NCN). If there are other authors, they declare that
they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in
this paper.

Acknowledgments

This research was supported by the National Science Centre, Poland
(NCN), grant number 2020/39/B/ST5/01838 and partially supported
by the statutory research funds of ICSC PAS within the subsidy of the
Ministry of Science and Higher Education, Poland.



E. Madej et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.apsusc.2025.163379.

Data availability

Data will be made available on request.

References

[1]

[2]

[3]

[4]

[5]

[6

[}

[71

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

A. Picone, M. Riva, A. Brambilla, A. Calloni, G. Bussetti, M. Finazzi, F. Ciccacci,
L. Duo, Reactive metal-oxide interfaces: A microscopic view, Surf. Sci. Rep. 71
(2016) 32-76, https://doi.org/10.1016/j.surfrep.2016.01.003.

T. Kiyomura, Y. Maruo, M. Gomi, Electrical properties of MgO insulating layers in
spin-dependent tunneling junctions using Fe3O4, J. Appl. Phys. 88 (2000)
4768-4771, https://doi.org/10.1063/1.1312845.

M.S. Ansari, M.H.D. Othman, M.O. Ansari, S. Ansari, H. Abdullah, Progress in
Fe304-centered spintronic systems: Development, architecture, and features, Appl.
Mater. Today. 25 (2021) 101181, https://doi.org/10.1016/j.apmt.2021.101181.
J.M. De Teresa, A. Barthélémy, A. Fert, J.P. Contour, F. Montaigne, P. Seneor, Role
of metal-oxide interface in determining the spin polarization of magnetic tunnel
junctions, Science 286 (1999) 507-509, https://doi.org/10.1126/
science.286.5439.507.

Q. Wang, Y. Gu, C. Chen, F. Pan, C. Song, Oxide spintronics as a knot of physics and
chemistry: recent progress and opportunities, J. Phys. Chem. Lett. 13 (2022)
10065-10075, https://doi.org/10.1021/acs.jpclett.2c02634.

W. Weiss, W. Ranke, Surface chemistry and catalysis on well-defined epitaxial iron-
oxide layers, Prog. Surf. Sci. 70 (2002) 1-151, https://doi.org/10.1016/50079-
6816(01)00056-9.

Q. Fu, T. Wagner, Interaction of nanostructured metal overlayers with oxide
surfaces, Surf. Sci. Rep. 62 (2007) 431-498, https://doi.org/10.1016/j.
surfrep.2007.07.001.

M. Bibes, A. Barthelemy, Oxide spintronics, IEEE Trans. Electron Devices. 54
(2007) 1003-1023, https://doi.org/10.1109/TED.2007.894366.

J.M.D. Coey, C.L. Chien, Half-metallic ferromagnetic oxides, MRS Bull. 28 (2003)
720-724, https://doi.org/10.1557/mrs2003.212.

R. Lebrun, A. Ross, S.A. Bender, A. Qaiumzadeh, L. Baldrati, J. Cramer, A. Brataas,
R.A. Duine, M. Kl&ui, Tunable long-distance spin transport in a crystalline
antiferromagnetic iron oxide, Nature 561 (2018) 222-225, https://doi.org/
10.1038/541586-018-0490-7.

M. Finazzi, L. Duo, F. Ciccacci, Magnetic properties of interfaces and multilayers
based on thin antiferromagnetic oxide films, Surf. Sci. Rep. 64 (2009) 139-167,
https://doi.org/10.1016/j.surfrep.2008.12.003.

R. Bliem, J. Pavelec, O. Gamba, E. McDermott, Z. Wang, S. Gerhold, M. Wagner,
J. Osiecki, K. Schulte, M. Schmid, P. Blaha, U. Diebold, G.S. Parkinson, Adsorption
and incorporation of transition metals at the magnetite Fe304(001) surface, Phys.
Rev. B 92 (2015) 075440, https://doi.org/10.1103/PhysRevB.92.075440.

G.S. Parkinson, Iron oxide surfaces, Surf. Sci. Rep. 71 (2016) 272-365, https://doi.
org/10.1016/j.surfrep.2016.02.001.

A. Barbier, R. Belkhou, P. Ohresser, M. Gautier-Soyer, O. Bezencenet, M. Mulazzi,
M.-J. Guittet, J.-B. Moussy, Electronic and crystalline structure, morphology, and
magnetism of nanometric Fe;O3 layers deposited on Pt(111) by atomic-oxygen-
assisted molecular beam epitaxy, Phys. Rev. B 72 (2005) 245423, https://doi.org/
10.1103/PhysRevB.72.245423.

O. Bezencenet, A. Barbier, P. Ohresser, R. Belkhou, S. Stanescu, J. Owens, M.-

J. Guittet, Interfacial reactivity of magnetic exchange coupled Co/a-Fe303(0001)
interfaces, Surf. Sci. 601 (2007) 4321-4325, https://doi.org/10.1016/j.
susc.2007.04.114.

O. Bezencenet, A. Barbier, P. Ohresser, R. Belkhou, S. Stanescu, H. Magnan, J.
M. Tonnerre, S. Grenier, M.J. Guittet, Evidence of the exchange coupling in the Co/
a-Fep03 system, J. Phys. Conf. Ser. 100 (2008) 072027, https://doi.org/10.1088/
1742-6596,/100/7/072027.

O. Bezencenet, H. Magnan, C. Mocuta, E. Fonda, S. Stanescu, P. Ohresser,

R. Belkhou, A. Barbier, Multiscale investigation of the structure and morphology of
the Co/Fe203(0001) interface, Phys. Rev. B 81 (2010) 085419, https://doi.org/
10.1103/PhysRevB.81.085419.

H. Magnan, O. Bezencenet, D. Stanescu, R. Belkhou, A. Barbier, Beyond the
magnetic domain matching in magnetic exchange coupling, Phys. Rev. Lett. 105
(2010) 3-6, https://doi.org/10.1103/PhysRevLett.105.097204.

O. Bezencenet, D. Bonamy, R. Belkhou, P. Ohresser, A. Barbier, Origin and tailoring
of the antiferromagnetic domain structure in a-Fe3Os thin films unraveled by
statistical analysis of dichroic spectromicroscopy (X-ray photoemission electron
microscopy) images, Phys. Rev. Lett. 106 (2011) 1-4, https://doi.org/10.1103/
PhysRevLett.106.107201.

N. Spiridis, K. Freindl, J. Wojas, N. Kwiatek, E. Madej, D. Wilgocka-élqzak,

P. Drézdz, T. Slezak, J. Korecki, Superstructures on epitaxial Fe304(111) films:
biphase formation versus the degree of reduction, J. Phys. Chem. C. 123 (2019)
4204-4216, https://doi.org/10.1021/acs.jpcc.8b11400.

J. Wojas, N. Kwiatek, D. Wilgocka—Slezak, E. Madej, J. Korecki, N. Spiridis, CO
adsorption on Fe304(111) with regular and biphase terminations, Appl. Surf. Sci.
507 (2020) 2-7, https://doi.org/10.1016/j.apsusc.2019.145069.

11

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Applied Surface Science 703 (2025) 163379

N.G. Condon, F.M. Leibsle, A.R. Lennie, P.W. Murray, T.M. Parker, D.J. Vaughan,
G. Thornton, Scanning tunnelling microscopy studies of a-Fex03(0001), Surf. Sci.
397 (1998) 278-287, https://doi.org/10.1016/50039-6028(97)00744-9.

M. Lewandowski, I.M.N.N. Groot, Z.H. Qin, T. Ossowski, T. Pabisiak, A. Kiejna,
A. Pavlovska, S. Shaikhutdinov, H.J. Freund, E. Bauer, Nanoscale patterns on polar
oxide surfaces, Chem. Mater. 28 (2016) 7433-7443, https://doi.org/10.1021 /acs.
chemmater.6b03040.

A. Koziot-Rachwat, N. Kwiatek, W. Skowroriski, K. Grochot, J. Kanak, E. Madej,
K. Freindl, J. Korecki, N. Spiridis, Insight into the structural and magnetotransport
properties of epitaxial a-Fe;O3/Pt(111) heterostructures: Role of the reversed layer
sequence, Phys. Rev. B. 106 (2022) 1-8, https://doi.org/10.1103/
PhysRevB.106.104419.

M. Zajac, T. Giela, K. Freindl, K. Kollbek, J. Korecki, E. Madej, K. Pitala, A. Koziot-
Rachwat, M. Sikora, N. Spiridis, J. Stepien, A. Szkudlarek, M. élqzak, T. Slezak,
D. Wilgocka-élqzak, The first experimental results from the 04BM (PEEM/XAS)
beamline at Solaris, Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact.
with Mater. Atoms. 492 (2021) 43-48, https://doi.org/10.1016/j.
nimb.2020.12.024.

J. Szlachetko, J. Szade, E. Beyer, W. Btachucki, P. Ciochon, P. Dumas, K. Freindl,
G. Gazdowicz, S. Glatt, K. Gutla, J. Hormes, P. Indyka, A. Klonecka, J. Kotodziej,
T. Kotodziej, J. Korecki, P. Korecki, F. Kosiorowski, K. Kosowska, G. Kowalski,
M. Kozak, P. Koziot, W. Kwiatek, D. Liberda, H. Lichtenberg, E. Madej,

A. Mandziak, A. Marendziak, K. Matlak, A. Maximenko, P. Nita, N. Olszowska,
R. Panas, E. Partyka-Jankowska, M. Piszak, A. Prange, M. Rawski, M. Roman,

M. Rosmus, M. Sikora, J. Stawek, T. Sobol, K. Sowa, N. Spiridis, J. Stepien,

M. Szczepanik, T. Slezak, T. Tyliszczak, G. Wazny, J. Wiechecki, D. Wilgocka-
Slezak, B. Wolanin, P. Wrébel, T. Wrobel, M. Zajac, A. Wawrzyniak,

M. Stankiewicz, SOLARIS national synchrotron radiation centre in Krakow, Poland,
Eur. Phys. J. Plus. 138 (2023) 1-10, https://doi.org/10.1140/epjp/s13360-022-
03592-9.

C.T. Chen, Y.U. Idzerda, H.J. Lin, N.V. Smith, G. Meigs, E. Chaban, G.H. Ho,

E. Pellegrin, F. Sette, Experimental confirmation of the x-ray magnetic circular
dichroism sum rules for iron and cobalt, Phys. Rev. Lett. 75 (1995) 152-155,
https://doi.org/10.1103/PhysRevLett.75.152.

K. Freindl, J. Wojas, N. Kwiatek, J. Korecki, N. Spiridis, Reversible oxidation-
reduction of epitaxial iron oxide films on Pt(111): Magnetite-hematite
interconversion, J. Chem. Phys. 152 (2020), https://doi.org/10.1063/1.5136322.
F. Schedin, P. Morrall, V.N. Petrov, S. Case, M.F. Thomas, E. Dudzik, G. Van Der
Laan, G. Thornton, Magnetic properties of ultrathin epitaxial Fe3O4 films on Pt
(111), J. Magn. Magn. Mater. 211 (2000) 266-270, https://doi.org/10.1016/
S0304-8853(99)00745-3.

S. Park, H. Jang, J.Y. Kim, B.G. Park, T.Y. Koo, J.H. Park, Strain control of Morin
temperature in epitaxial a-Fe,03(0001) film, EPL 103 (2013), https://doi.org/
10.1209/0295-5075/103/27007.

T.J. Regan, H. Ohldag, C. Stamm, F. Nolting, J. Liining, J. Stohr, R.L. White,
Chemical effects at metal/oxide interfaces studied by x-ray-absorption
spectroscopy, Phys. Rev. B. 64 (2001) 214422, https://doi.org/10.1103/
PhysRevB.64.214422.

The pure Co spectrum was measured for a 10 nm thick Co film on Si.

M. Slezak, T. Slezak, P. Drézdz, B. Matlak, K. Matlak, A. Koziol-Rachwal, M. Zajac,
J. Korecki, How a ferromagnet drives an antiferromagnet in exchange biased CoO/
Fe(110) bilayers, Sci. Rep. 9 (2019) 889, https://doi.org/10.1038/541598-018-
37110-8.

Y.K. Wakabayashi, Y. Nonaka, Y. Takeda, S. Sakamoto, K. Ikeda, Z. Chi, G. Shibata,
A. Tanaka, Y. Saitoh, H. Yamagami, M. Tanaka, A. Fujimori, R. Nakane, Electronic
structure and magnetic properties of magnetically dead layers in epitaxial
CoFep04/A1503Si(111) films studied by x-ray magnetic circular dichroism, Phys.
Rev. B. 96 (2017) 1-11, https://doi.org/10.1103/PhysRevB.96.104410.

AN. Titov, Y.M. Yarmoshenko, P. Bazylewski, M.V. Yablonskikh, E.Z. Kurmaev,
R. Wilks, A. Moewes, V.A. Tsurin, V.V. Fedorenko, O.N. Suvorova, S.Y. Ketkov,
M. Neumann, G.S. Chang, Charge transfer and band gap of ferrocene intercalated
into TiSey, Chem. Phys. Lett. 497 (2010) 187-190, https://doi.org/10.1016/j.
cplett.2010.08.024.

D.J. Huang, C.F. Chang, H.T. Jeng, G.Y. Guo, H.J. Lin, W.B. Wu, H.C. Ku,

A. Fujimori, Y. Takahashi, C.T. Chen, Spin and orbital magnetic moments of Fe304,
Phys. Rev. Lett. 93 (2004) 2-5, https://doi.org/10.1103/PhysRevLett.93.077204.
E. Goering, S. Gold, M. Lafkioti, G. Schiitz, Vanishing Fe 3d orbital moments in
single-crystalline magnetite, Europhys. Lett. 73 (2006) 97-103, https://doi.org/
10.1209/epl/i2005-10359-8.

M. Hirooka, H. Tanaka, R. Li, T. Kawai, Nanoscale modification of electrical and
magnetic properties of Fe3O4 thin film by atomic force microscopy lithography,
Appl. Phys. Lett. 85 (2004) 1811-1813, https://doi.org/10.1063/1.1784884.

M. Lewandowski, Z. Mitosz, N. Michalak, R. Ranecki, I. Sveklo, Z. Kurant,

A. Maziewski, S. Mielcarek, T. Lucinski, S. Jurga, Room temperature magnetism of
few-nanometers-thick Fe304(111) films on Pt(111) and Ru(0001) studied in
ambient conditions, Thin Solid Films 591 (2015) 285-288, https://doi.org/
10.1016/j.tsf.2015.04.060.

M.J. Prieto, L. de Souza Caldas, L.C. Tanase, T. Schmidt, O. Rodriguez de la Fuente,
Spectromicroscopic study of the transformation with low energy ions of a hematite
thin film into a magnetite/hematite epitaxial bilayer, Ultramicroscopy 255 (2024),
https://doi.org/10.1016/j.ultramic.2023.113855.

A. Ambatiello, K. Fabian, V. Hoffmann, Magnetic domain structure of multidomain
magnetite as a function of temperature: Observation by Kerr microscopy, Phys.
Earth Planet. Inter. 112 (1999) 55-80, https://doi.org/10.1016/50031-9201(98)
00177-0.


https://doi.org/10.1016/j.apsusc.2025.163379
https://doi.org/10.1016/j.apsusc.2025.163379
https://doi.org/10.1016/j.surfrep.2016.01.003
https://doi.org/10.1063/1.1312845
https://doi.org/10.1016/j.apmt.2021.101181
https://doi.org/10.1126/science.286.5439.507
https://doi.org/10.1126/science.286.5439.507
https://doi.org/10.1021/acs.jpclett.2c02634
https://doi.org/10.1016/S0079-6816(01)00056-9
https://doi.org/10.1016/S0079-6816(01)00056-9
https://doi.org/10.1016/j.surfrep.2007.07.001
https://doi.org/10.1016/j.surfrep.2007.07.001
https://doi.org/10.1109/TED.2007.894366
https://doi.org/10.1557/mrs2003.212
https://doi.org/10.1038/s41586-018-0490-7
https://doi.org/10.1038/s41586-018-0490-7
https://doi.org/10.1016/j.surfrep.2008.12.003
https://doi.org/10.1103/PhysRevB.92.075440
https://doi.org/10.1016/j.surfrep.2016.02.001
https://doi.org/10.1016/j.surfrep.2016.02.001
https://doi.org/10.1103/PhysRevB.72.245423
https://doi.org/10.1103/PhysRevB.72.245423
https://doi.org/10.1016/j.susc.2007.04.114
https://doi.org/10.1016/j.susc.2007.04.114
https://doi.org/10.1088/1742-6596/100/7/072027
https://doi.org/10.1088/1742-6596/100/7/072027
https://doi.org/10.1103/PhysRevB.81.085419
https://doi.org/10.1103/PhysRevB.81.085419
https://doi.org/10.1103/PhysRevLett.105.097204
https://doi.org/10.1103/PhysRevLett.106.107201
https://doi.org/10.1103/PhysRevLett.106.107201
https://doi.org/10.1021/acs.jpcc.8b11400
https://doi.org/10.1016/j.apsusc.2019.145069
https://doi.org/10.1016/S0039-6028(97)00744-9
https://doi.org/10.1021/acs.chemmater.6b03040
https://doi.org/10.1021/acs.chemmater.6b03040
https://doi.org/10.1103/PhysRevB.106.104419
https://doi.org/10.1103/PhysRevB.106.104419
https://doi.org/10.1016/j.nimb.2020.12.024
https://doi.org/10.1016/j.nimb.2020.12.024
https://doi.org/10.1140/epjp/s13360-022-03592-9
https://doi.org/10.1140/epjp/s13360-022-03592-9
https://doi.org/10.1103/PhysRevLett.75.152
https://doi.org/10.1063/1.5136322
https://doi.org/10.1016/S0304-8853(99)00745-3
https://doi.org/10.1016/S0304-8853(99)00745-3
https://doi.org/10.1209/0295-5075/103/27007
https://doi.org/10.1209/0295-5075/103/27007
https://doi.org/10.1103/PhysRevB.64.214422
https://doi.org/10.1103/PhysRevB.64.214422
https://doi.org/10.1038/s41598-018-37110-8
https://doi.org/10.1038/s41598-018-37110-8
https://doi.org/10.1103/PhysRevB.96.104410
https://doi.org/10.1016/j.cplett.2010.08.024
https://doi.org/10.1016/j.cplett.2010.08.024
https://doi.org/10.1103/PhysRevLett.93.077204
https://doi.org/10.1209/epl/i2005-10359-8
https://doi.org/10.1209/epl/i2005-10359-8
https://doi.org/10.1063/1.1784884
https://doi.org/10.1016/j.tsf.2015.04.060
https://doi.org/10.1016/j.tsf.2015.04.060
https://doi.org/10.1016/j.ultramic.2023.113855
https://doi.org/10.1016/S0031-9201(98)00177-0
https://doi.org/10.1016/S0031-9201(98)00177-0

E. Madej et al.

[42]

[43]

[44]

[45]

[46]

F. Voogt, T. Palstra, L. Niesen, O. Rogojanu, M. James, T. Hibma,
Superparamagnetic behavior of structural domains in epitaxial ultrathin magnetite
films, Phys. Rev. B - Condens. Matter Mater. Phys. 57 (1998) R8107-R8110,
https://doi.org/10.1103/PhysRevB.57.R8107.

J. Korecki, K. Krop, Superparamagnetism of very small cobalt particles studied by
mossbauer spectroscopy, Surf. Sci. 106 (1981) 444-452, https://doi.org/10.1016/
0039-6028(81)90235-1.

A. Wittmann, O. Gomonay, K. Litzius, A. Kaczmarek, A.E. Kossak, D. Wolf, A. Lubk,
T.N. Johnson, E.A. Tremsina, A. Churikova, F. Biittner, S. Wintz, M.A. Mawass,
M. Weigand, F. Kronast, L. Scipioni, A. Shepard, T. Newhouse-Illige, J.A. Greer,
G. Schiitz, N.O. Birge, G.S.D. Beach, Role of substrate clamping on anisotropy and
domain structure in the canted antiferromagnet a-Fe2O3, Phys. Rev. B. 106 (2022),
https://doi.org/10.1103/PhysRevB.106.224419.

M. Tischer, O. Hjortstam, D. Arvanitis, J. Hunter Dunn, F. May, K. Baberschke,
J. Trygg, J.M. Wills, B. Johansson, O. Eriksson, Enhancement of orbital magnetism
at surfaces: Co on Cu(100), Phys. Rev. Lett. 75 (1995) 1602-1605, https://doi.org/
10.1103/PhysRevLett.75.1602.

O. Hjortstam, J. Trygg, J.M. Wills, B. Johansson, O. Eriksson, Calculated spin and
orbital moments in the surfaces of the 3 d metals Fe Co, and Ni and their overlayers
on Cu (001), Physical Review B 53 (14) (1996) 9204, https://doi.org/10.1103/
PhysRevB.53.9204.

12

[47]

[48]

[49]

[50]

[51]

[52]

Applied Surface Science 703 (2025) 163379

P. Srivastava, F. Wilhelm, A. Ney, M. Farle, H. Wende, N. Haack, G. Ceballos,

K. Baberschke, Magnetic moments and Curie temperatures of Ni and Co thin films
and coupled trilayers, Physical Review B 58 (9) (1998) 5701.

P. Ryan, R.P. Winarski, D.J. Keavney, J.W. Freeland, R.A. Rosenberg, S. Park, C.
M. Falco, Enhanced magnetic orbital moment of ultrathin Co films on Ge (100),
Physical Review B 69 (5) (2004) 054416, https://doi.org/10.1103/
PhysRevB.69.054416.

Z. Zhang, X. Lu, Z. Li, Z. Li, Y. Yan, Y. Chen, J. Du, F. Zhu, J. Cao, Y. Wang, Y. Li,
Enhanced orbital magnetic moment of Co film grown on Fe304 (001), AIP
Advances 14 (2) (2024), https://doi.org/10.1063/5.0176740.

C.C.D. Weller, Y. Wu, J. Stohr, M.G. Samant, B.D. Hermsmeier, Orbital magnetic
moments of Co in multilayers with perpendicular magnetic anisotropy, Phys. Rev.
B 49 (1994) 888-896, https://doi.org/10.1103/PhysRevB.49.12888.

T. Nakagawa, Y. Takagi, Y. Matsumoto, T. Yokoyama, Enhancements of spin and
orbital magnetic moments of submonolayer Co on Cu(001) studied by X-ray
magnetic circular dichroism using superconducting magnet and liquid He cryostat,
Jpn. J. Appl. Phys. 47 (2008) 2132-2136, https://doi.org/10.1143/JJAP.47.2132.
N. Johansson, L.R. Merte, E. Granas, S. Wendt, J.N. Andersen, J. Schnadt,

J. Knudsen, Oxidation of ultrathin FeO(111) grown on Pt(111): spectroscopic
evidence for hydroxylation, Top. Catal. 59 (2016) 506-515, https://doi.org/
10.1007/511244-015-0521-7.


https://doi.org/10.1103/PhysRevB.57.R8107
https://doi.org/10.1016/0039-6028(81)90235-1
https://doi.org/10.1016/0039-6028(81)90235-1
https://doi.org/10.1103/PhysRevB.106.224419
https://doi.org/10.1103/PhysRevLett.75.1602
https://doi.org/10.1103/PhysRevLett.75.1602
https://doi.org/10.1103/PhysRevB.53.9204
https://doi.org/10.1103/PhysRevB.53.9204
http://refhub.elsevier.com/S0169-4332(25)01093-1/h9010
http://refhub.elsevier.com/S0169-4332(25)01093-1/h9010
http://refhub.elsevier.com/S0169-4332(25)01093-1/h9010
https://doi.org/10.1103/PhysRevB.69.054416
https://doi.org/10.1103/PhysRevB.69.054416
https://doi.org/10.1063/5.0176740
https://doi.org/10.1103/PhysRevB.49.12888
https://doi.org/10.1143/JJAP.47.2132
https://doi.org/10.1007/s11244-015-0521-7
https://doi.org/10.1007/s11244-015-0521-7

	Interfacial chemistry meets magnetism: Comparison of Co/Fe3O4 and Co/α-Fe2O3 epitaxial heterostructures
	1 Introduction
	2 Experimental details
	3 Results and discussion
	3.1 Characterization of the oxide layers
	3.2 Chemical and magnetic properties of cobalt films and cobalt-iron oxide interfaces
	3.2.1 Comparative STM analysis of Co on magnetite and hematite
	3.2.2 Chemical structure at Co/magnetite and Co/hematite interfaces − comparative XAS analysis
	3.2.3 Magnetic structure of Co/magnetite and Co/hematite heterostructures imaged using XMCD-PEEM
	3.2.3.1 Co/magnetite
	3.2.3.2 Co/hematite

	3.2.4 Comparative analysis of the magnetic moments in Co/magnetite and Co/hematite heterostructures using XMCD-XAS


	4 Summary and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


