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Abstract

Fe and Ni compounds and their oxides offer stoichiometry-dependent magnetic properties, owing to an

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

extremely rich variety of crystallographic phases and a complex phase diagram. They foster the fabrication

of oxide/metal magnetic junctions with tunable coupling, thus avoiding the usage of costly materials such

(cc)

as Co and rare-earths. Along these lines, here, spectro-microscopy is employed to study the oxidation of
FeNi alloy ultrathin films featuring laterally-separated fcc and bec phases. Under mild oxidation conditions
at T < 250°C, Fe segregates to the surface forming a thin superficial Fe-oxide layer, which eventually
evolves to FezO, supported on an interfacial FeNi oxide with spinel structure. Notably, the bce FeNi
oxidizes faster than the fcc one, while the fcc/bee phase boundary is found to be the most reactive surface
region. The magnetic coupling and domain morphology of the oxide-metal heterostack, characterized by
XMCD-PEEM and CEMS, are shown to depend on the crystallographic structure of the alloy film. In
particular, the Fe-oxide layer on top of the fcc regions exhibits micron-sized uniform magnetic domains
antiferromagnetically coupled to the metal support. On the contrary, the corresponding oxide on the bcc

regions displays fragmented magnetic domains at a length scale of about 100 nm, with ferromagnetic coupling
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to the underlying FeNi metal support. Our study identifies novel principles for engineering the magnetic

coupling through interface structure and chemistry, with potential applications in sustainable spintronics.

1. Introduction

Metal-oxide heterostructures are widely used materials, with prototypical usage in interfacial chemistry
and magnetism. Among the plethora of phenomena, magnetic tunnel junctions and magnetoresistivity, [11 2]
control of magnetic anisotropy [3] and subsequent formation of exotic magnetic structures [4] can be given
as examples to magnetism at the metal-oxide interface. In stacked systems, the epitaxial relation and the
atomic termination between adjacent layers are particularly important for interface-induced magnetism, as
reviewed recently by Hellman et al. [5] In artificially fabricated hetero-structures, the presence of structural
mismatch, epitaxial strain, atomic defects or intermixing at the layer boundaries might significantly perturb
the intrinsic interfacial magnetic properties. On the other hand, this sensitivity can be used to modify,
control and tune the properties of magnetic layers via the interface structure. [6] [7, [§]

Here, we focus on the formation and magnetic coupling of Fe-oxides grown on Fe-Ni bimetallic alloy
with varying stoichiometry, constituting a metal support with tunable surface structure and composition.
Regarding magnetic oxides, iron oxide has been in the forefront from the very early history of magnetism, [9]
to the recent day. [10] It features several phases with various oxidation states and crystalline structures. [I1]
The controlled growth and transformations of the thin film counterparts of these phases were studied by the
authors among others. [12 13}, [14] [15], [16] Among all the Fe oxide phases, Fe3Oy, is the one with the highest
interest for magnetic applications, owing to the high Curie temperature and the half-metallic character at
RT. [T1] Hence, Fe304 thin films are attractive candidates for incorporation in spintronic devices operating
at RT as high-spin-polarized electrode. [17, 18] 8 19, 20]

Similarly, Fe-Ni alloys have outstanding magnetic properties, [21, 22] and were exploited for the first
demonstration of the spin-valve like behaviour. [23] [24] The Fe-Ni alloy offers several phases with distinct
structural and magnetic properties as a function of composition and temperature. [25] 26] The alloy mag-
netization evolves throughout the entire range of compositions, featuring the two of the most popular alloys
in permalloy (=~ 80% Ni) and Invar (=~ 35% Ni). [27] Furthermore, the presence of a miscibility gap in the
range about 10% - 50% Ni introduces the microstructure as another aspect of the bimetallic alloy. [26] In
particular, the miscibility gap leads to a phase separation into micron-sized fcc(111) and bece(110) regions
for Fe-Ni ultrathin films grown on W(110). [28] 29]

The oxidation of Fe;_,Ni, surfaces was reported to result in Fe surface segregation and its selective
oxidation in the early literature. [30, B1] The current work is built on these observations and is extended to
Fe-Ni surfaces showing lateral heterogeneity. Thus, in the following we address the questions: (i) how does

the oxidation rate depend on the structure and composition of Fe-Ni; (ii) what is the chemical state of the

Preprint submitted to Elsevier March 3, 2020
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interface; (iii) how are the magnetic properties of the oxide-metal system influenced by the symmetry and
chemistry at the interface?

The present paper first presents the growth of Feg 7Nig 3 films on W(110) and its subsequent separation

55 into fee(111) and bee(110) regions upon annealing. Then, it shows the effect of exposing this surface to

varying amounts of oxygen, using complementary surface microscopy and spectroscopy methods. Such

characterization demonstrates the formation of a layered oxide/metal structure. In the last part, baring in

mind the potential application for spintronic devices, the magnetic properties and the magnetic coupling

between the layers of the resulting oxide-metal composite are discussed.

o 2. Experimental

The experiments were carried out using the spectroscopic photoemission and low-energy electron mi-
croscopy (SPELEEM) instrument at the Nanospectroscopy beamline at Elettra (Trieste, Italy) [32] and
using the conversion electron Mossbauer spectroscopy (CEMS) situated at the Jerzy Haber Institute of
Catalysis and Surface Chemistry Polisch Academy of Sciences (Krakow, Poland). [12]

s The SPELEEM instrument combines x-ray photoemission electron microscopy (XPEEM) with low-
energy electron microscopy (LEEM). The former provides laterally-resolved chemical and magnetic informa-
tion, whereas the latter is a structural probe mostly applied to crystalline surfaces. [33]34] In the SPELEEM
microscope, the lateral resolution is about 30 nm in XPEEM, and it reaches 10 nm in LEEM mode. [35] In
addition to real space imaging, the microscope can also perform diffraction measurements by imaging the

so backfocal plane of the objective lens. In the case of elastic backscattering of incident electrons, this allows

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a measurement of low-energy electron diffraction with a micron sized probed area (u-LEED).

The Nanospectroscopy beamline boasts two Apple II type undulators, which provide linearly and cir-

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

cularly polarized soft x-rays to the SPELEEM microscope in the energy range from 25 eV up to about

1000 eV. [32, [35] The circular polarization is used in order to image magnetic domains via x-ray magnetic

(cc)

s circular dichroism photoemission electron microscopy (XMCD-PEEM). [36]
The CEMS measurements were performed using a constant acceleration spectrometer adopted to the
UHV system. A small active-area 100 mCi ®"Co (Rh) 7-source is placed outside the UHV and irradiates
the sample through a beryllium window at a 54° angle from the sample normal, with the azimuthal angle
corresponding to the [110] direction of the W(110) substrate. A large opening channeltron is used as a
¢ conversion electron detector. The Mossbauer spectra were analyzed numerically using Voigt lines, which
allows consistent implementation of the hyperfine parameter distribution that is an inherent feature of ultra
thin films. The isomer shift values are given with respect to metallic a-Fe. CEMS was used to investigate
the composition and magnetic properties of the film volume beyond the topmost layers.

The W(110) substrate was cleaned by annealing in oxygen (Pp2 = 107¢ mbar, T=1100 °C), followed
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by flash annealing to 2000 °C in ultrahigh vacuum (UHV) in order to remove the oxygen. The Feg 7Nig 3
thin films were grown at room temperature (RT) by co-deposition of Fe and Ni on the W(110) support,
with a total film thickness of about 15 ML. In the SPELEEM, the Fe and Ni evaporators were precalibrated
by monitoring the completion of their respective pseudomorphic monolayers on W(110) using LEEM and
u-LEED. The pressure during all depositions remained in the low 107'° mbar range. In the CEMS system
the Ni and Fe evaporation rate was precalibrated with a quartz crystal monitor, and the films were grown
using the °“Fe isotope.

The structure and the stoichiometry of the films were verified with LEED and x-ray photoemission
spectroscopy (XPS) at the Fe 3p and Ni 3p core levels, respectively. The XPS result was compared to the
value obtained from the ratio of white line intensities at the respective Ls Lo 3-edge absortion thresholds.
The XAS spectra were measured using ?partial? secondary electron photo-emission yield (kinetic energy
range 1-2 eV) across the Fe and Ni L3 absorption thresholds, with an estimated maximum penetration depth
of 5-10 nm.

The room temperature grown Feg 7Nig 3 films were observed to retain a uniform bcc crystal structure. The
phase separation into pm-sized fcc and bee regions was induced upon annealing to moderate temperatures
(340 °C to 400 °C). [29]

The oxidation was carried out at 200-250°C using molecular oxygen at a pressure of 1 x 1075 mbar in
a stepwise manner. XPEEM at Ni 3p and Fe 3p core levels, x-ray absorption spectroscopy (XAS-PEEM),
u-LEED and LEEM-IV data were acquired at RT and in UHV after each oxidation step. In XPEEM, the
dependence of the photoelectron inelastic mean free path on the electron kinetic energy was used to obtain

information on the depth profile of each chemical species.

3. Results

3.1. Phase separation of Fey7Nig.3 thin film

The phase separation at high temperature in Fey 7Nig3 films on W(110) have been studied recently
from the monolayer limit [28] up to several nanometers thickness. [29] With increasing temperature, first Ni
segregation at the film surface is observed at about 200 °C, followed by a lateral separation into micron-sized
regions of fcc and bee phases at above 300 °C. At slightly higher temperatures, film dewetting occurs.

Fig. shows the laterally phase-separated surface with fce (gray) and bee (bright) regions, as well
as some areas (dark) covered only by a single wetting layer of FeNi due to partial film breakup. The
actual Ni compositions in the fcc and bee phases for the sample in Fig. [1| are found to be in the range
ZTgee = 0.40 £0.02 and zp.c = 0.26 £ 0.02, respectively, from an analysis of their corresponding x-ray
absorption spectra (XAS) at the respective L-edges. The observed stoichiometry slightly deviates from the

previously reported values. [29] This is due to the different thermal treatment which the surface was subject

4
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Figure 1: a) LEEM image of the phase separated FeNi film. Electron energy is 21 eV. The p-LEED patterns from b) gray (fcc)
and ¢) bright (bcc) regions are acquired at 65 eV. The finger-like dark regions in the LEEM image correspond to dewetting.

to. In fact, the surface displayed in Fig. [I] was annealed for a shorter period in order to avoid extensive
dewetting, and thus it was not fully developed towards the prefered phase compositions. Thus, in different

w0 sample preparations, variations in the stoichiometry of the two phases are expected.

3.2. Ozidation

After separation in fcc and bcec regions, the Feg 7Nig 3 film was exposed to molecular oxygen in incremental

steps at 200-250 °C (Ppg = 1 x 1075 mbar), up to the final exposure of about 3000 L. During oxidation, the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

change in the surface composition was monitored by probing the Fe and Ni x-ray photoemission core levels,
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Figure 2: a) Evolution of the Fe 3p and Ni 3p core-level intensity ratio as a function of O2 exposure. b) Comparison of the

XPS spectra at the two core levels acquired at 0 L and 750 L oxygen exposure. Photon energy is 250 eV.

5


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc00311e

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

XAS Intensity (Arb. Units)

Y

R

+ FeW  + Fe0/W

2850 L

1520 L

550 L

oL

- 2.4

—22

20

T T T T T T A}
705 710 715 720 725 730 850

Photon Energy (eV)

860

870

880

Page 6 of 18

View Article Online

DOI: 10.1039/DOTCO0311E

Figure 3: Integrated XAS measurements at the Fe L2 3- and Ni L2 3 edges for a Feg.7Nig.3 thin film at increasing O2 exposure.

The reference Fe L- edge spectrum of metallic Fe/W samples is superimposed to the first spectrum as full lines. On the right

side, the Ni spectra do not show any relevant modifications.
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s as well as x-ray absorption spectoscopy (XAS) at the Fe and Ni L- edges.

The alloy film surface undergoes dramatic changes upon oxidation, as reflected by the XPS data at a
photon energy of 250 eV. The Fe 3p core level shifts to higher binding energy by AEp = 2.25 eV (see
Fig)7 while the binding energy of the Ni peak remains unchanged, indicating preferential oxidation of
the Fe (both fcc and bee). At the same time, we find that the Fe 3p (or I5%g in the following) and Ni 3p

o  (I¥%) intensities change progressively with the oxygen dose. In particular, the intensity ratio I5%¢ / I¥%g
increases both on fcc and bec regions as the oxidation proceeds (Fig. . Considering that the amount of
Fe and Ni in the film is conserved, the change in the photoemission intensity ratio can be attributed to a
surface enrichment of Fe, along with the limited inelastic mean free path of photoelectrons. [37] This is in
line with the previous observations of Fe surface segregation in Fe-Ni alloys in the presence of oxygen. [30]

115 The element-selective oxidation is also revealed in the sequence of XAS measurements in Fig. [3] which
are less surface sensitive compared to XPS. The formation of an Fe-oxide layer can be seen in the Fe L-edge
spectra by the decrease of the metallic peak intensity (at 707.8 eV) and the appearance of a new peak at
709 eV as well as a smaller component at 710 eV. On the other hand, the Ni spectra remains unchanged,
with a single peak at 853 eV, ascribable to metallic Ni. The characteristic shape of the Fe Lj spectra [3§]

o indicates that the superficial Fe firstly oxidizes to FeO,, (see for instance the spectrum at 550 L). As will be
shown below, in the subsequent stages of the oxidation, this layer transforms to FezO,.

The composition of the film beyond the surface layer was probed using CEMS by averaging over the
entire surface sample. The CEMS spectra at the oxygen doses of 250 L and 1650 L are shown in Fig. 4
along with the pristine alloy film surface. Before oxygen exposure, the CEMS spectrum (Fig top) has

s a purely metallic character. The numerical fit shows two components with distinctly different hyperfine

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

parameters. The intense, comprising 80 % of the spectral intensity component (light gray in Fig. 7 with
an average hyperfine magnetic field <Bj,; >=33.0 T and isomer shift IS= 0.05 mm/s well corresponds to

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

a bee FeNi alloy with approximately 75% of Fe.[39] The second component, with a low <Bj; >=19.0 T

(cc)

IS <Bpy > %
[mm/s] [T]
tetrahedral 0.26 £0.02 46.8+0.1 18+1
octahedral 0.644+0.01 44.1+£0.1 26+2
octa-like  0.63+£0.05 38.7£09 13+3
metallic 0.06 £0.03 285+03 29+2
rest 0.3+£0.09 81+09 14+£2

Table 1: Fit parameters and fit uncertainties for the CEMS spectrum after 1650 L oxygen dose at 250°C: IS — isomer shift
relative to metallic Fe, <Bj, s> — average magnetic hyperfine field.
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Figure 4: CEMS spectra from the Feg 7Nig 3 film are shown for varying oxygen dose. The measurement averages over both fcc
and bcc phases of the phase-separated alloy film. The spectral components are color-coded: light gray — metallic FeNi; red —
tetrahedral site in spinel; green — octahedral site in spinel; blue — non-specific oxide components. For the top spectrum of the
pristine film the decomposition into bce-FeNi (light gray) and fce-FeNi is shown
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Figure 5: p-LEED patterns as a function of oxygen dose for the fcc (top row) and bec (bottom row) phases present in the
phase-separated alloy surface. Electron energy is 45 V. The unit cell for the FeO and FezO4 phases are indicated in the image
(red and blue lines, respectively); substrate [110] direction is along the horizontal axis.

and negative IS=-0.11 mm/s is characteristic for an fcc FeNi alloy with approximately 60% Fe.[39] At 250 L
130 dose, the CEMS spectrum shows a predominant metallic component from the FeNi alloy, as well as an oxide
component with a non-characteristic widely-distributed hyperfine pattern. On the basis of a large positive
isomer shift, the latter can be interpreted as the fingerprint of Fe?*, i.e. as in a magnetically-polarized FeO

layer. The oxide contribution accounts for about 15% of the total spectral intensity, suggesting the oxidation

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of somewhat below 2 ML equivalent of Fe, in agreement with the XPS data.
135 At the O3 dose of 1650 L, the CEMS spectrum shows that approximately one third of the FeNi remains
in the metallic state. As seen in Table [1} the low hyperfine field value (Byy = 28.5 T) of the metallic

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

component compared to that of the pristine film (average Bjy = 32.1 T), indicates Ni enrichment within

(cc)

the metallic part, consistent with the segregation and selective oxidation of Fe. The oxide phase is mainly of
Fe304 character. Compared to the ideal Fe3O4 composition, this oxide shows a deficit of the ideal octahedral
o sites. Moreover, the low-field tail of the component reveals the presence of a non-stoichiometric Fe-Ni spinel,
where Ni cations are located at the octahedral sites. Such a mixed spinel phase could not be detected by
surface sensitive XPS and XAS measurements, and most likely is situated in the subsurface region at the

interface between the oxide layer and the metallic alloy.
Finally, a small part of the signal forms a component that cannot easily be attributed to known Fe
us  species. Its significantly lower hyperfine field (B,y = 8.1 T) and its non-zero isomer shift (IS = 0.30 mm/s)
differ from the parameters of metallic Fe, as well as those of the well-defined oxide species. The isomer shift
points towards 3+ oxidation state, whereas the low hyperfine field may result from a lower coordination
(e.g. at the film surface). This component possibly reflects the disorder induced in the film by the mass

9
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transport and oxide formation at relatively low temperature.

3.3. Reactivity of the beec and fec phases

Spatially-resolved measurements were used to characterize the evolution of the bee and fee phases in the
phase-separated Feg 7Nig 3 film by increasing the oxygen dose in a stepwise manner. The u-LEED patterns
from each region at different stages of oxidation, displayed in Fig. [5] show the formation of symmetry-
dependent moiré patterns starting at the lowest dose, which develop into FeO(111) layers on both regions
at 1240 L. The weak (2 x 2) pattern at 1700 L, also visible on both phases, indicates the transformation
towards an FesOy4(111) surface.

Importantly, the rate of oxidation as a function of dose is significantly different for the bcc and fcc
phases, as reflected in the LEEM IV curveThe XAS spectra were measured using the secondary electron
photo-emission yield (in the energy range 1-2 eV) across the adsorption thresholds, with an estimated
penetration depth of 5-10 nm.s discussed in the supplementary material. The changes at low dose appear
to take place faster in the bee region. Higher reactivity of the bce phase is also confirmed by the XPEEM
image at the O 1s core level, which reveals a higher oxygen concentration at the bce surface at 8.4 L dose
as seen in Fig. [f]

We should note that at an Oy dose of about 1250 L, at which the surface is mostly covered with an
FeO(111) layer, the fcc-bee phase boundary has a different contrast in laterally resolved images (see the
supplementary material). The nature of the border can be identified as Fe3O,4, based on the O K-edge and
Fe L-edge XAS data, as well as the observation of magnetic domains in XMCD-PEEM images at the Fe
L3 edge (also shown in the supplementary material). Therefore, we conclude that the boundaries between
these two regions are by far the most reactive regions.

In order to reach an asymptote in the oxidation deliver a higher Oy dose than in vacuum, the phase-

separated surface was briefly exposed to air at room temperature, followed by annealing at 200°C in 1.0 x

Intensity (Arb. Units)
>
1

o T T T o

532 530 528 526
Binding energy (eV)

Figure 6: a) XPEEM image at the oxygen 1s core level after exposing the phase-separated alloy surface to 8.4 L. Og. The dark
(bright) regions, highlighted by the red (blue) contours, correspond to the fcc (bec) areas. b) The XPS spectra from the bee
and fcc regions, which are marked on the XPEEM image.

10
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Figure 7: a) O K-edge, b) Fe L-edge, c) Ni L-edge XAS spectra from the fcc and bce regions of a phase-separated Feg.7Nig.3
film after air exposure followed by annealing at 200°C in 1.107% mbar oxygen. The baseline is normalized to unity for all
the spectra. The insets show the XPEEM images at the absorption thresholds (for oxygen integrated from 529 to 550 eV; for
Fe and Ni at their Lg edges) normalized pixel-by-pixel to the corresponding pre-edge intensity (senza dire image). The field
of view is 5 pm in all XPEEM images. The darkest regions correspond to dewetted areas, whereas the fcc regions appear as
vertically elongated islands. Ni spectra is taken from a different region on the same surface.

1075 mbar oxygen. The resulting surface is chemically mapped by x-ray absortion spectroscopy in Fig.
Apart from the large dewetted areas formed during phase separation and recognizable by the dark contrast,
the fcc islands are visible as micron-sized elongated regions.The presence of Fe3O4 and metallic Ni can be
s seen both for bee and fce regions. The main difference between the two regions is the corresponding white

line intensities of the respective elements. The Fe L-edge and O K-edge signals are considerably stronger in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the bce region, whereas the Ni L-edge signal is significantly stronger in the fcc region compared to the bec
areas.

We interpret the different intensities to be due to a considerably thicker FeO, overlayer on top of the

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

10 bee areas. The Ni XAS signal in the fce regions are quantitatively very similar to the corresponding signal

(cc)

level before oxidation, therefore, we can conclude that the Fe oxide layer on the fcc region is atomically thin
and thus it does not cause any discernible screening of the secondary photoelectrons. The magnetic nature

of the resulting oxide/metal complex will be the subject of the following section.

3.4. Magnetism

185 As we have reported in the previous section, the fcc Fe-Ni phase is significantly more difficult to oxidize
in comparison to the bee phase. Nevertheless, the CEMS and x-ray absorption spectroscopy measurements
point to the formation of a magnetite layer over the entire surface upon sufficient level of oxidation. After
air exposure, the magnetic properties of the same Fe7Nig 3 film shown in Fig. [7] were investigated using
XMCD-PEEM at the Fe and Ni L3 edges in an element-specific manner.

190 An XMCD-PEEM image at the Ni Ly edge is shown in Fig. [8h. Considering that the Ni XAS signal is
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highly suppressed in the bee region (see Fig. ), the domains can be reliably determined only within the
fcc regions. The fce islands are mostly in a single domain state, with only small variations of the magnetic
contrast within individual islands. The absorption peak of Ni predominantly shows metallic nature, thus,
we can attain the magnetic contrast to the Fe-Ni alloy underneath the oxide layer above.

On the other hand, the XMCD images at the Fe L3 edge show a more complex photon-energy dependent
magnetization map. In Fig. Bp, the XMCD-PEEM image at the photon energy corresponding to metallic
Fe (708 e€V) reveals the presence of small (less than 100 nm) magnetic domains within the bee region. The
laterally-resolved XAS and XMCD spectra at the Fe L3 edge extracted from these domains are shown in
Fig. . The XMCD spectrum is typical of FesO, with the negative peaks corresponding to the Fe?* and
Fe3* ions at octahedral sites and the positive peak due to the Fe* ions at tetrahedral sites . [40] [41] [42] [13]
The peaks in the asymmetry spectrum in Fig. are marked by vertical arrows, and the XMCD images
at the latter two energies are shown in Fig. [B,e. Indeed, the small domains within the bce region appear
with weak but inverted contrast at 709.1 eV in comparison to the image at 708.0 eV, while at 709.9 eV the
contrast is the same as that at 708.0 eV.

The contribution of the metallic Fe underneath, which is expected to reach a maximum at photon energy
of 708 eV, cannot be unequivocally determined within the bcc regions, as the thick oxide layer suppresses
the signal from the metallic alloy underneath. Therefore, the oxide-metal metal-oxide interface in the bcc
phase was evaluated for a lower oxygen dose, as shown in the supplementary material. For such thinner
oxide layer, we observe an indication for ferromagnetic coupling between Fe304 and Fe-Ni(bec).

Instead, in the fcc regions (surrounded by the red contours in Fig. for a clear visualization) the situation
is completely different as compared to the bee areas. A strong contrast is seen at the Fe edge at 708.0 eV
(Fig. ) coinciding with the XMCD image at the Ni edge at 853.0 eV (Fig. )7 i.e. the relative grayscale
in the two images remains the same. At 709.1 eV the XMCD contrast within the fcc islands is the same
but much weaker (Fig. [8d). Surprisingly, at 709.9 eV (shown in Fig. [8f) the XMCD contrast inverts in the
fce regions, that is, brighter regions become darker and vice versa; this can be seen very clearly looking
at the two joint islands in the top of the image (highlighted by green circle), but is also observed for all
the other fcc regions. This unusual sequence of contrast inversion differs from that of pure FezO4 (or of a
sufficiently thick oxide layer, in this case), for which we would expect the images at 708.0 ¢V and 709.9 eV
to have the same contrast, opposite in respect to the image acquired at 709.1 eV photon energy. A similar
reasoning can be applied to the case of pure metallic Fe (or a sufficiently thin oxide layer), which would
exhibit high contrast at 708.0eV, aligned with the Ni edge, and vanishing at higher photon energies. To
explain the observed behavior one has to take into account The interpretation is based on a superposition of
contributions from the metallic Fe underneath and the oxide layer above. At the photon energy of 708.0 eV
XMCD signal from the metallic Fe (aligned with that of metallic Ni) dominates and overtakes the Fe2; peak
from the relatively thin Fe3O4 overlayer. At 709.9 eV seen in Fig. B, there is no contribution from metallic

12
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Figure 8: XMCD-PEEM images of the air-exposed Feg 7Nig 3 film at a) Ni Lz at 853.0 eV, b) Fe L3 at 708.0 eV. c) Laterally-
resolved Fe L3 spectra with circular polarization from dark (A) and bright (B) domains in panel (b) are shown along with the
asymmetry between the two spectra. Based on the spectrum, XMCD-PEEM images are acquired also at photon energies c)
709.1 eV, d) 709.9 eV. In all images, the red lines delineate the fcc regions, whereas the blue lines indicate the dewetted areas.
In the asymmetry spectrum, the vertical arrows indicate the photon energies at which the images are acquired.
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Fe, and the XMCD signal originates solely from the Fegjt in Fe3O,4. The inverted contrast between Fig.
and Fig. Bp is indeed a direct evidence of antiferromagnetic coupling between the metallic alloy underneath
and the oxide layer above. At the intermediate photon energy, 709.1 eV in Fig. [8d, the contrast is thus the
same as the metallic Fe at 708.0 eV, because both the tail of the metallic XMCD peak and the Fe}.; oxide
peak give the same sign of dichroic asymmetry. Moreover, we note that in any other possible magnetic state
of the stack, such as: (i) FM alignement, (ii) thick or (iii) ultrathin Fe304 layer, and (iv) non-magnetic
oxide, the third image should either have the same contrast as the first (first two cases) or no magnetic
contrast at all (last two cases).

Aside the magnetic coupling between the metal and oxide layers, considering that the XMCD measure-
ments were carried out with the substrate [110] direction aligned with the circularly polarized x-ray beam,
we can state that at least part of the magnetization lies along this direction. Additional information about
the magnetization direction comes from the CEMS measurements. Given the CEMS measurement geometry,
the intensity ratio Iy/Is = 0.9 of the second and third line in the spectrum of the pristine film (compare
Fig. clearly corresponds to the [110] magnetization direction. Upon oxidation the I /I3 ratio increases
to 1.45 for the metallic component, whereas for the spinel components takes a value of 2, which indicates a
tendency of the easy magnetization axis to rotate from [110] towards [001]. The discussion of whether this
tendency is due to the abundance of domain walls or whether it indicates a spin reorientation transition
is beyond the scope of this work, and it will be the subject of an experimental study with full vectorial

mapping of the magnetization.

4. Discussion

In the previous sections we have reported the oxidation of the phase-separated Fey 79Nig 309 film. The
main findings can be summarized as: (i) the oxidation proceeds over both fcc and bee phases with the
segregation of Fe to the surface and the formation of an FeO(111) layer, which transforms into Fe3O4(111)
upon further oxidation; (ii) the small contribution from Ni,Fes_,O4 in the CEMS data is attributed to a
buffer layer between the metallic alloy underneath and the Fe-oxide on top; (iii) in the phase-separated alloy,
the fcc region is found to be much less reactive towards oxidation in comparison to the bece regions; (iv)
the magnetic coupling between the metal alloy and the Fe3sO,4 overlayer is found to be antiferromagnetic for
the fcc regions; instead the coupling within the bcc regions cannot be unambiguously determined for the
heavily-oxidized sample.

The first point, which is the formation of an FeO, layer on top of the Fe-Ni alloy, had been reported
long ago, explained by the higher heat of formation of Fe3O4 in comparison to NiO. [30] The same work
ruled out the formation of a mixed Ni-Fe oxide below 70% Ni content. Our data confirms the absence of an
extensive Ni-Fe-O spinel phase due to the metallic nature of the observed Ni XAS spectrum. Moreover, in
Fig. Bk, we show the typical Fe304 XMCD spectrum, while the literature reports a considerably enhanced
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260 Fe?;g peak in the Ni,Fe;_ .04 XMCD spectrum at the Fe Ls edge. [43] Thus, NiFe;O4 contribution to our
CEMS data can be attributed to an atomically-thin layer restricted to the metal-oxide interface.

The difference in the level of oxidation between the fcc and bee regions is equally evident both for the
lowest and highest oxygen exposures, as seen from Fig. [f] and Fig. [7] respectively. The lower oxidation rate
with increasing Ni content in Fe-Ni alloys was reported in the early literature and it was explained to be due

%5 to a Ni-rich passivating buffer layer. [31] Nevertheless, our results are obtained from ultrathin films, where
the stoichiometry of buried metal alloy depends sensitively on the amount of Fe segregated to the surface
in the Fe-oxide layer. Thus, a thermodynamic consideration comparing the relative energy of different alloy
compositions may be relevant in the explanation of the difference in the oxidation rates. In particular, for
the fcc Fej_,Ni, alloys, the L1y structure at = 0.50 is identified as the global minimum in energy. [44]

s Based on this, one may argue that the fcc phase in the phase separated alloy may oppose to release the
necessary Fe for the oxide formation beyond a stoichiometry of Feg 50Nig.50-

In short, the suppressed reactivity of the fcc phase in comparison to the Fe-rich bee phase may have con-
tributions both from kinetic limitations increasing with Ni content and from energetics favoring a particular
alloy stoichiometry. In order to identify which of the two mechanisms is the dominant one, further studies

a5 of composition-dependent reactivity in fcc Fe;_,Ni, ultrathin films near x = 0.50 will be necessary.

The magnetization measurements provide direct comparisons between the bee(110) and fec(111) films as
the support layer for the FesOy4 top layer. Before oxidation both phases in the film display large and uniform
magnetic domains. Upon forming the Fe-oxide layer on top, the domain size and distribution is distinctly

different for the fcc and bce phases. The fcec phase retains the single domain state in each fcc island, while

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20 the bce phase breaks into magnetic domains of size below 100 nm, as seen in Fig. and Fig. Bp. The
reason for the small domains may be due to a more defective interface between the lattices with different

symmetries. Alternatively, the domain morphology may be due to the defect density in the oxide overlayer

Open Access Article. Published on 12 March 2020. Downloaded on 3/16/2020 8:40:36 AM.

resulting from the relatively low oxidation temperature or in the alloy underlayer after the removal of a

(cc)

considerable amount of Fe in order to form the relatively thick FesOy4 layer on top.

285 Regarding the magnetic coupling between the metal support and the oxide overlayer, the fcc regions are
coupled antiferromagnetically to the Fe3O,4 top layer. This behaviour in the fcc regions is different than the
reported ferromagnetic coupling between FezO4 and Ni(111). [20] A similar situation is found for the bec
regions. Contrary to what was observed for FesO4/Fe(110), we have seen an indication of ferromagnetic
coupling at the metal-oxide interface within the bee(110) regions for a thinner oxide layer, as displayed in

20 the supplementary material.

These differences necessarily originate from the details of the interface. The effect of the interface has
been documented well in the case of Fe304/Fe(110), in which the antiferromagnetic coupling was explained
by an Fe layer at the interface featuring only 3+ octahedral sites. [45] On the other hand, in NiFe;Oy4 the
Ni?* ions preferentially replace the Fe?" ions at the octahedral sites. [46] Therefore, the presence of Ni
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atoms at the oxide-metal interface likely favors a different oxide layer termination, and subsequently may
change the spin orientation of the layer coupled to the metal.

We note here that the results summarized above lead to two significant predictions: (i) oxidation of
Ni/Fe(110) may help tune the resulting oxide-metal magnetic coupling from antiparallel to parallel depending
on the Ni coverage; (ii) based on the opposite coupling observed between bec and fee regions,we expect
that the magnetic trilayer Fe;_,Ni,(fcc)/FesOy/Fei_yNiy(bec) is a candidate for the observation of large

magnetoresistivity based on the half-metallic character of Fe3O4. [10]

5. Conclusion

We report on the oxidation of fcc and bee Fe-Ni phases under identical conditions. In both phases,
Fe segregation and its selective oxidation to FeO and Fe3Oy4 is observed. The bcc phase, with its higher
Fe content, is shown to be significantly more reactive in comparison to the fcc phase. At the interface
between the underlying metal and the FeO, overlayer, a Ni containing buffer layer is revealed by Mdssbauer
measurements. The resulting magnetic domains and the metal-oxide magnetic coupling are shown to be
distinctly different compared to the coupling between Fe3O4 and the elemental constituents of the alloy.
Thus, the oxidation of the phase separated Fe-Ni alloy provides information on how the symmetry and
interface chemistry modifies the magnetic coupling at an oxide-metal interface, and opens up possibilities

to tailor the interface properties with applications in mind.
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