Applied Surface Science 488 (2019) 107-114

Contents lists available at ScienceDirect

Applied
Sllxjfface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article

Probing proximity effects in the ferromagnetic semiconductor EuO

Check for
updates

=

Dmitry V. Averyanov”, Andrey M. Tokmachev", Oleg E. Parfenov®, Igor A. Karateev®,
Ivan S. Sokolov?, Alexander N. Taldenkov®, Mikhail S. Platunov®, Fabrice Wilhelm”,
Andrei Rogalev®, Vyacheslav G. Storchak™*

@ National Research Center “Kurchatov Institute”, Kurchatov Sq. 1, Moscow 123182, Russia
Y European Synchrotron Radiation Facility (ESRF), 38054 Grenoble Cedex, France

ARTICLE INFO ABSTRACT

Keywords: Ferromagnetic insulators are widely employed to induce magnetic phenomena in adjacent layers via proximity
EuO effect. This approach could make non-magnetic materials (ranging from silicon to graphene) available for
Gd spintronic applications. Eu chalcogenides, EuO in particular, are highly efficient spin generators but suffer from
Ferromagnetism

low Curie temperatures. Here, experiments aimed at T increase in EuO by its integration with the ferromagnetic
metal Gd are reported. The epitaxial bilayers Gd/EuO are synthesized on different substrates and characterized
by a combination of diffraction and microscopy techniques. Their magnetic structure — established with mag-
netization and transport measurements as well as element-selective X-ray magnetic circular dichroism study —
comprises coupled magnetic orders of EuO and Gd. EuO is robust against proximity effects — its T is still low,
increased at most by a few tens of K. Nevertheless, the results encourage further studies of proximity-enhanced

Proximity effect

ferromagnetism to extend the range of applications of ultrathin layers of EuO in spintronics.

1. Introduction

As materials dimensions are pushed down towards the nanoscale,
the role of the interfaces is increasingly recognized [1]. Coupling of
materials with different properties may bring fundamental changes to
each of them. In particular, magnetic materials driving spin-related
phenomena in adjacent layers are technologically important [2]. Mag-
netic order can be induced by proximity to any type of ferromagnet
(FM); however, the use of insulating FM systems is strongly preferable
since they do not shunt away currents in the target material. In addi-
tion, insulating FM systems can be highly efficient in spin tunneling
applications. Regretfully, the selection of FM insulators (and semi-
conductors) is thin to say the least. Most such systems in use are formed
by complex Fe-based oxides. Among them, the ferrimagnetic yt-
trium-iron garnet Y3;FesO;, is widely employed to establish magneti-
zation dynamics in graphene [3,4], topological insulators [5], transition
metal dichalcogenides [6], normal metals [7]. Structurally simpler
ferrites such as BiFeO3 and the spinel family (CoFe,O,, NiFe,O,) are
also promising materials for spin manipulation via proximity exchange
fields in 2D materials [8,9] and metals [10].

However, other FM insulators gain importance. In particular,
layered 2D ferromagnets are especially useful once a control over valley
splitting and spin polarization in monolayers is sought-after [11]. Eu
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chalcogenides (EuX) — a renowned class of magnetic semiconductors —
induce strong proximity effects when coupled with graphene [12-14],
topological insulators [15,16], other 2D materials [17]. EuO integrated
with graphene is a prospective material for spin-based devices [18,19].
Successful integration of EuO with the mature Si technological platform
[20,21] holds promise for silicon spintronics [22]. Equally enticing are
theoretical predictions suggesting the use of EuO [23] or EuS [24] to
induce spin effects in Mo dichalcogenides as well as formation of a spin-
polarized 2D electron gas at the interface of EuO with an insulator
[25,26].

The emerging importance of Eu chalcogenides in spintronic struc-
tures owes much to their robust Heisenberg-type magnetism with high
magnetic moments provided by strongly localized 4f-shells (f) but also
to superb interfaces formed by Eu chalcogenides with different mate-
rials [15,21]. Remarkably, deposition of EuS on graphene leads to a
substantial increase in the carrier mobility [27]. The simple rock-salt
structure of EuX is a strong advantage in both synthesis of nanos-
tructures and their theoretical analysis. Being a relatively heavy ele-
ment, europium can induce spin-orbit coupling in adjacent layers thus
providing new opportunities in control over their electronic/magnetic
states. EuO proves to be a particularly remarkable material: its en-
ormous exchange splitting (0.6 eV) ensures spin polarization close to
100% [28] inviting a wide spectrum of spintronic applications. In the
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bulk, EuO undergoes a prominent metal-insulator transition (MIT) [29];
it exhibits a colossal magnetoresistivity effect (6 orders of magnitude in
a modest field of 2 T [29]) as well as very strong magneto-optic effects,
exceptional sensitivity of magnetic and transport properties to strain,
doping and optical pumping [30-33]. A recent study of the magnetic
metal-insulator transition in EuO reveals a record MIT among thin films
(up to 10 orders of magnitude in conductivity) as well as significant
memory effects [32], associated with magnetic polarons. Furthermore,
the topological Hall effect in doped EuO suggests the presence of sky-
rmions [34]. Remarkably, certain properties of EuX can be strongly
enhanced by going to the nanoscale where size, shape and self-assembly
of the particles can be varied [35]; synthesis of EuO nanotubes [36]
aimed at magnetic vortex states with alternating chirality is an im-
portant recent breakthrough in this direction.

However, an important disadvantage of Eu chalcogenides is a rather
low Curie temperature T (~17 K for EuS and ~69 K for EuO). Doping
by trivalent atoms or creation of oxygen vacancies can lead to a sig-
nificant increase of the Curie temperature; however, the process is ac-
companied by orders of magnitude increase in the carrier density
[31,32] and the advantage of EuO being a semiconductor is irre-
trievably lost. Occasionally, Eu chalcogenides induce magnetic phe-
nomena at temperature well above their T¢, as demonstrated in the
EuS/Bi,Se; [15] and EuO/graphene [14] structures. However, the cases
are rare (applied specifically to 2D materials) and the high-temperature
magnetism is more likely to be induced by spin-orbit coupling than by
exchange interactions.

A viable alternative is to increase the Curie temperature of EuX itself
by its coupling to an FM metal which supports FM at higher tempera-
tures. This approach is implemented in element-selective studies of
magnetism in multilayers of EuS/Co [37,38] and EuS/Ni [39] employing
X-ray magnetic circular dichroism (XMCD) [37,39] and polar magneto-
optic Kerr effect [38]. The studies demonstrate an antiparallel magnetic
coupling between the adjacent layers leading to a fraction of EuS being
FM at room temperature, which can be important for spintronic ap-
plications. The use of multilayers in such experiments raises a question
of the magnetism location: only the outermost layer of EuS is important
to applications based on the proximity effect but the high-temperature
magnetism can be restricted to irrelevant central layers of EuS in the
multilayer structure EuS/(FM metal). It calls for studies of simple bi-
layer structures where attribution of magnetism is more straightfor-
ward. In addition, attempts to increase the Curie temperature of EuO by
an FM metal are yet to be reported although integration of EuO with
metals does not pose problems as demonstrated by studies of Al/EuO
(to make a superconductor with internal magnetization) [40], Nb/EuO
(for enhanced magnetoresistance and metal-insulator transition) [41],
Pt/EuO (for studies of surface-induced effects) [42] and Eu/EuO (for
antiferromagnetic spintronics) [43].

Here, the FM semiconductor EuO is coupled with the FM metal Gd,
which is known to grow epitaxially on many substrates. The bilayers
comprising these 4f magnetic materials are produced on yttria-stabi-
lized zirconia (YSZ) and silicon, employing molecular beam epitaxy.
The structure of the films is characterized with electron and X-ray
diffraction as well as electron microscopy to reveal formation of the
face-centered cubic (fcc)-Gd interfaced with EuO. Magnetic properties
of the films are determined with magnetization, electron transport and
element-selective XMCD measurements. The potential of Gd to increase
the effective Curie temperature of EuO via proximity effects is eval-
uated.

2. Experimental
2.1. Synthesis
The synthesis of all structures is carried out in a Riber Compact 12

system for molecular beam epitaxy. It operates in ultra-high vacuum
which is established by a close-circle cryopump, a TiTan ion pump, a
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Titanium sublimation pump and cryopanels cooled by liquid N5. The
base pressure in the growth chamber does not exceed 10~ '° Torr. The
system is capable to maintain stable ratios of molecular beams without
accumulation of reactants in the growth chamber. Molecular beams of
4N Eu and 4N Gd are supplied by heating the corresponding effusion
cells. 6N O, flux is tuned with a feedback-equipped gas flow system
comprising a mass flow controller, a Baratron manometer and a mass
spectrometer. Cells and substrate temperatures are controlled with
thermocouples; the absolute temperature of the substrates is measured
with an infrared pyrometer (PhotriX ML-AAPX/090) operating at the
0.9 um wavelength. A Bayard-Alpert ionization gauge monitors the
actual flux of molecular beams at the substrate site.

Two types of substrates are used in the synthesis: yttria-stabilized
zirconia and silicon crystals. In both cases, orientation of the substrate
wafers is (001), their thickness is 0.5 mm, and the miscut angle does not
exceed 0.5°. The YSZ substrate is prepared by half an hour annealing at
600 °C in an oxygen atmosphere (3:10 8 Torr). The growth of EuO on
YSZ(001) involves formation of a nucleation layer (5 monolayers) by
deposition of europium (3108 Torr) on the oxygen-saturated YSZ
substrate at 430 °C. The rest of the film is grown by co-deposition of Eu
(1.210 77 Torr) and O, (6:10~° Torr) at 430 °C [32]. The synthesis of
EuO on Si(001) is quite different [20,21]. The natural oxide is removed
from the surface by heating up to 950 °C. The Si surface reconstructs to
form a (2 X 1) superstructure. When exposed to a flux of Eu at 660 °C, it
transforms into a metal-rich (1 X 5) structure [44]. Then, EuO films are
grown at 340 = 10°C by reaction of Eu (610 8Torr) and O,
(6:10~° Torr). In both cases of Eu0/YSZ(001) and EuO/Si(001), the Gd
layer is grown by metal deposition (7-10~8 Torr) at room temperature.
Capping the films with 20 nm of amorphous SiO, at room temperature
prevents their degradation by ambient oxygen.

2.2. Structural characterization

The surfaces of the substrate, superstructures, films of EuO and
gadolinium during the growth are controlled in situ employing reflec-
tion high-energy electron diffractometer (RHEED) equipped with the
kSA 400 analytical RHEED system. The structure of the samples is
further characterized with X-ray diffraction (XRD). The corresponding
6-20 scans are recorded with a Rigaku Smartlab 9 kW diffractometer
using a CuK, X-ray radiation source. The specimens for microscopic
studies are prepared in a Helios scanning electron microscope/focused
ion beam (FIB) dual beam system which is equipped with gas injectors
for Pt and C deposition and a micromanipulator. The major steps of the
process are (i) deposition of a Pt layer (~2um); (ii) FIB milling with
30keV Ga" ions till 2 pm-thick cross-sections with an area 8 x 5pum?
are formed; (iii) their attachment to the Omniprobe semiring; (iv) fur-
ther thinning with 5keV Ga™ ions; (v) final cleaning with 2keV Ga™
ions till electron transparency. The cross-sections are analyzed with a
300 kV TEM/STEM Titan 80-300 microscope equipped with high-angle
annular dark-field (HAADF) and bright-field detectors, a post-column
Gatan energy filter, an atmospheric thin-window energy dispersive X-
ray spectrometer and a spherical aberration (Cs) corrector. The re-
sulting images are analyzed with Tecnai Imaging and Analysis and
Digital Micrograph software.

2.3. Magnetic and transport properties

The macroscopic magnetic properties of the films are studied with a
Quantum Design MPMS XL-7 SQUID magnetometer using two modes —
reciprocating sample option and alternating current (AC). The samples
are mounted in plastic straw; orientation of the film with respect to the
external magnetic field is kept with accuracy better than 5°. XMCD
studies are carried out at the European Synchrotron Radiation Facility
ID12 beamline equipped with a fixed exit Si<111> double crystal
monochromator. Circularly polarized X-rays (the polarization rate ex-
ceeds 92%) are produced with a helical undulator of the APPLE-II type
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with a magnetic period of 38 mm. The X-ray absorption and XMCD
spectra at the L absorption edge are recorded using the total fluores-
cence yield detection mode in the backscattering geometry. The SiO,/
Gd/Eu0O/YSZ(001) and SiO,/Gd/Eu0/Si(001) structures are fixed (with
GE Varnish) at the cold finger of a He continuous-flow cryostat placed
in the cold bore of a superconducting magnet. The XMCD experiments
are carried out for two angles between the applied magnetic field and
the sample surface — 15° and 90°. Repetitive measurements with the two
opposite directions of the external magnetic fields up to 17 T ensure the
XMCD spectra to be free of experimental artefacts. The spectra are ty-
pical for Gd films and for Eu chalcogenides reflecting magnetism of
each layer separately. Measurements of the amplitude of XMCD signals
as a function of the applied magnetic field provide the so-called element
selective magnetization curves.

The electron transport in the films is studied in the van der Pauw
configuration with a LakeShore 9709A Hall effect measurement system
in the temperature range 2-300K and magnetic fields up to 9T.
Deposition of an Ag-Sn-Ga alloy ensures Ohmic contacts to each term-
inal.

3. Results and discussion
3.1. Synthesis

Synthesis of EuO is not a trivial task since Eu(Il) is an intermediate
oxidation state of Eu. There always exists a risk of over-oxidation re-
sulting in higher Eu oxides — Eu30,4 and Eu,03. Moreover, both Eu and
O, can react with substrates such as Si. In the synthesis, we rely on our
extensive experience of EuO integration with different substrates
[20,21,32]. Our method of choice is molecular beam epitaxy (MBE), not
the least because the resistivity change at the metal-insulator transition
in the best MBE films is 5 orders of magnitude larger than in the best
non-MBE films [32,45]. We note, however, that stoichiometric EuO
films produced by versatile pulsed laser deposition also demonstrate
useful properties [46]. The EuO growth on YSZ(001) and Si(001) - the
substrates we employ — requires quite distinct procedures and condi-
tions. Zirconia stabilized with 13 molar % of yttria is chemically inert
and lattice-matched with EuO: a(YSZ) = 5.147 A while a
(EuO) = 5.144 A. However, it contains weakly bound oxygen — such an
additional source of oxygen may jeopardize the growth. Therefore, the
oxygen supply from YSZ must be taken under control. This is done by
saturation of YSZ with O, at an elevated temperature; then, the first 5
monolayers of EuO are grown by deposition of Eu to react with oxygen
extracted from YSZ without any external oxygen supply [47]. The rest
of the film is synthesized in the weak distillation mode ensuring the
precise stoichiometry: slightly higher than stoichiometric flux of Eu
prevents over-oxidation while high temperature guarantees re-eva-
poration of excessive Eu atoms from the surface. The final thickness of
the EuO layer is about 2.5 nm. This layer is chosen to be relatively thin
because the proximity effect from the adjacent Gd is expected to be
short-ranged. It should be taken into consideration, however, that such
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confinement may affect properties of EuO itself, e.g. the substantially
reduced Curie temperature [20,42,48].

The main obstacle for the growth of EuO on Si(001) is formation of
SiOy and the Eu silicide EuSi, in reactions of O, and Eu with the sub-
strate. Therefore, protection of the Si surface and a low enough tem-
perature are required for the growth. Our approach is to use metal-rich
submonolayer templates, in particular the robust (1 X 5) reconstruction
of Eu on Si(001) [21,44]. This superstructure suppresses chemical re-
actions at the interface to avoid formation of unwanted phases. As a
result, this technique provides EuO/Si(001) structures with atomically
sharp interfaces [21]. However, the EuO growth in the distillation mode
should be avoided because of a high temperature required. Instead, we
tune the substrate temperature, Eu and oxygen fluxes. As in the case of
YSZ, a 2.5 nm thick layer of EuO is grown to facilitate the comparison.
This thickness is sufficient for relaxation of the lattice from the Si to
bulk EuO parameters [20]. Thus, we prepare nearly equivalent films of
EuO on YSZ(001) and Si(001). The next step is to grow a layer of Gd,
which is not as trivial as it may appear. Gadolinium exhibits a very high
affinity to oxygen. Although Eu is no slouch either when it comes to
bonding with oxygen, Gd is well capable of taking O away from the pre-
formed EuO film. Indeed, our experiments show that Gd deposition
under thermodynamically controlled conditions results in Eu puddles at
the interface. Luckily, MBE is precisely the technique to grow films in
the kinetically controlled mode. 8 nm thick films of Gd are grown em-
ploying a relatively high flux of Gd deposited at low (room) tempera-
ture. The Gd film can react with air oxygen. It is possible to protect Gd
by a layer of its oxide — non-magnetic Gd,Os;. However, we employ a
more controllable way — deposition of insulating SiOx as a capping
layer.

3.2. Structural characterization

To the best of the authors' knowledge, synthesis of Gd/EuO bilayers
has not been reported in the literature. Therefore, it is especially im-
portant to determine the Gd/EuO structure and the quality of the in-
terface. The MBE system allows for control of the film surface in situ
employing RHEED. RHEED images for EuO/YSZ(001) and Gd/EuO/YSZ
(001) (Fig. 1) illustrate high structural quality of the EuO and Gd layers.
The respective images for the structures on the Si(001) substrate - EuO/
Si(001) and Gd/EuO/Si(001) - are quite similar to those presented in
Fig. 1. Fig. 1a corresponds to a well-formed film of EuO [20] despite its
small thickness. The image of the Gd surface (Fig. 1b) requires ex-
planation since it does not correspond to the regular hexagonal close-
packed (hcp) lattice of bulk Gd.

At the nanoscale, formation of alternative polymorphs could be
anticipated — epitaxial stabilization by the lattice of a substrate is a
strong driving force [49]. In the case of gadolinium, formation of the fcc
lattice in ultrathin films is well documented [50]. The RHEED image in
Fig. 1b corresponds to this fcc-Gd phase. However, the extracted lattice
parameter a(fcc-Gd), 5.22(3) A in Gd/EuO,/YSZ(001) and 5.18(3) A in
Gd/EuO/Si(001) (the values are virtually the same within the

Fig. 1. RHEED images (along the [110] azimuth of EuO) of the SiO,/Gd/Eu0O/YSZ(001) structure at different stages of the growth: (a) 2.5 nm of EuO are formed; (b)

8 nm of Gd on top of EuO are formed.
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Fig. 2. 6-20 X-ray diffraction scans of the structures (a) SiOx/Gd/Eu0O/YSZ(001)
and (b) SiO,/Gd/Eu0O/Si(001).

experimental error), is noticeably smaller than the reported value a(fcc-
Gd) = 5.32(1) A [50]. Since a(fcc-Gd) in the Gd/EuO bilayer is closer to
a(EuO) = 5.14 4, it is likely that the lattice of fcc-Gd is soft enough to
adjust for a reasonable lattice match with EuO.

The structure of the films is further studied ex situ. However, the
match of the EuO and fcc-Gd lattices hinders interpretation of 6-26 X-
ray diffraction (XRD) scans (Fig. 2): the corresponding peaks from EuO
and fcc-Gd overlap; in the case of SiO,/Gd/Eu0/YSZ(001), they are also
eclipsed by the peaks from the substrate. The main result of the XRD
study is that other phases of Gd (including hcp) do not show up. This is
important since fcc-Gd is known to be pseudomorphic [50] - it un-
dergoes an irreversible thickness-dependent transition to the more
stable hcp phase. In fact, that is why we intentionally employ structures
with a relatively thin (8 nm) layer of Gd.

Electron microscopy provides a better look into the atomic structure

B=[100]
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of the films; it also attests the quality of the interface. Fig. 3 presents
high-resolution cross-sectional HAADF-STEM images of SiO,/Gd/EuO/
YSZ(001) and SiO./Gd/Eu0O/Si(001). Different zone axes are used to
better illustrate the Gd lattice. The images confirm formation of fcc-Gd
epitaxially coupled with EuO. Fast Fourier transforms for different areas
(Fig. 3) help in identification of the phases. The extracted lattice
parameter of fec-Gd (5.21 A, the same for the films on YSZ and Si
substrates) is in a good agreement with the RHEED data. The interfaces
Gd/EuO are atomically sharp which is highly important because the
increase of the Curie temperature of EuO relies upon exchange coupling
at this interface. The images do not reveal dislocations in Gd at the Gd/
EuO interface. In addition, the electron microscopy study certifies the
absence of any side phases. In particular, the EuO layer serves as a
diffusion barrier preventing formation of the Gd silicide in the SiO,/
Gd/Eu0/Si(001) structure, a compound which has recently been found
to become FM once scaled to ultrathin layers [51-53].

3.3. Magnetic and transport properties

The ultimate goal for the synthesis of the Gd/EuO bilayers is to
manipulate the magnetism of EuO. Therefore, studies of magnetic
properties take center stage. The films are first characterized with
magnetization (SQUID) measurements. This is an integral technique
carrying information on the combined contributions from both EuO and
Gd. The temperature dependence of the in-plane DC magnetic sus-
ceptibility M/H suggests appearance of ferromagnetism just below
room temperature (Fig. 4a). It probably corresponds to the Curie tem-
perature of fcc-Gd; however, the latter is a subject of some controversy
in the literature [50] — depending on the source, fcc-Gd is thought to be
a paramagnet or a ferromagnet with a variety of reported Tc. Perhaps,
some difference in the lattice parameters, defects and/or film thickness
causes such a discrepancy which can also be an element of a wider
pattern of complex magnetism of Gd [54]. It is not easy to extract the
magnetism of EuO from Fig. 4a — the curve is too complex to be
quantitatively analyzed. The derivative d(InM)/d(InT) exhibits local
minima at 80 K and 113 K - very similar values are found for both SiO,/
Gd/EuO/YSZ(001) and SiO,/Gd/Eu0O/Si(001). Although we cannot
identify physical processes responsible for peculiarities observed at
these temperatures (for example, whether they correspond to different
layers of EuO), we couldn't help but notice that these two values are
significantly higher than T of pristine EuO which in such ultrathin
films falls around 50 K [42,48]. Magnetization measurements of SiO,/
Eu0/Si(001) of the same thickness of the EuO layer as in SiO,/Gd/EuQ/
Si(001) (Fig. 5) correspond to T¢(EuO) = 48 K. Regretfully, we cannot
measure magnetic properties of the corresponding individual Gd layer:

Fig. 3. High-resolution cross-sectional HAADF-STEM images of (a) SiO,/Gd/EuO/YSZ(001) ([100] zone axis) and (b) SiO./Gd/Eu0O/Si(001) ([110] zone axis)
structures. Insets show fast Fourier transform patterns from areas marked by red (EuO) and orange (Gd) squares. The interface is indicated by a dashed blue line.
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(i) pseudomorphic fcc-Gd requires strong epitaxial stabilization; (ii)
EuO stabilizes fcc-Gd with a very small lattice parameter — a condition
which would be very difficult to reproduce with other substrates; (iii)
Gd is highly reactive — forms silicides with Si [51-53] and oxide with
YSZ - thus preventing epitaxial stabilization.

The non-trivial character of magnetism in the Gd/EuO bilayer is
further confirmed by measurements of the remnant moment as well as
AC susceptibility  + iy (Fig. 4a). The low-temperature behavior of
the total magnetic moment does not have any noticeable features. In
particular, we do not detect an increase in magnetization characteristic
to oxygen-deficient EuO [55] - it suggests that EuO does not depart
significantly from its stoichiometry. Surprisingly, an anomalous in-
crease of magnetization below 50 K, generally observed in thin films of
Gd polymorphs and attributed to a spin reorientation effect [50], does
not show up.

The magnetic response of the structures varies with the external
magnetic field. Fig. 4b shows the DC magnetic susceptibility in the field
cooled mode which strongly depends on the field — even its sign
changes at low temperature. Such behavior may indicate a complex
coupling at the Gd/EuO interface. In close analogy, an element-specific
XMCD study of the Co/EuS multilayer structure demonstrates that the
Eu magnetic moment is antiparallel to that of Co at remanence but
rotates towards parallel alignment under an applied magnetic field
[37]. However, such effect does not show up in M — H loops. Instead, M
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Fig. 7. Normalized XAS spectra for (a) Eu L3 and (b) Gd L3 absorption edges in the SiO,/Gd/Eu0O/YSZ(001) structure in a magnetic field of 17 T at 2 K: right (red) and
left (blue) circular polarizations; their difference (green) presents a normalized XMCD signal. Magnetic field dependence of the XMCD signal for the Eu and Gd L3
absorption edges: (c) Eu and (d) Gd in the SiO/Gd/EuO/YSZ(001) structure; (e) Eu and (f) Gd in the SiO,/Gd/Eu0/Si(001) structure. The incidence angle is 15° or

90° (shown by the symbol 1).

(H) exhibits a hysteresis typical for FM systems (Fig. 6a). The char-
acteristic coercive field (exceeding 500 Oe at 2K) is not far from the
value reported for fcc-Gd [50].

The FM order in the structures is further confirmed by electron
transport measurements which demonstrate a pronounced anomalous
Hall effect (AHE) with a hysteresis loop (bottom-right inset of Fig. 6b).
The transport is dominated by metallic Gd; thus, the correspondence
between magnetism and the Hall effect measurements can be estab-
lished as soon as the EuO contribution is suppressed — we study Gd/EuO
with a thick layer of Gd above T¢ of EuO. Under these conditions, the
normalized AHE resistance and out-of-plane magnetization almost co-
incide, besides somewhat different coercive fields (Fig. 6b). This result
is a strong indication of the magnetic nature of the AHE in these
structures.

The presented data are inconclusive with respect to the main
question of T increase in the EuO layer. Element-selective studies are
necessary to separate contributions from EuO and Gd, as in the case of
EuS-based multilayers [37-39]. In particular, XMCD at the L,3 ab-
sorption edges of Eu has been proven useful [37,39]. Most XMCD
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studies of pristine EuO [56] and Gd-doped EuO [57] employ the My
absorption edges of Eu (and Gd). However, a recent XMCD study of Gd-
doped EuO revealing the presence of magnetic polarons [32] suggests
that the L, 5 absorption edges provide a rather good insight into the
magnetic state of EuO.

Fig. 7a,b presents typical X-ray absorption spectra (XAS) for the Eu
and Gd L3 absorption edges. The Eu spectra correspond to the Eu®*
species — no traces of Eu>* contamination are detected — confirming
once again the correct stoichiometry of the EuO films. The difference
between the XAS spectra for right and left circular polarizations results
in the respective XMCD signals. The magnetic field dependence of the
normalized XMCD signals for the L absorption edges of both Eu and Gd
in the Gd/EuO bilayers is shown in Fig. 7c—f. First of all, we notice that
the data for SiO,/Gd/Eu0O/YSZ(001) and SiO,/Gd/Eu0O/Si(001) are
very similar. The magnetic response of Gd changes slightly as tem-
perature goes up to 100 K. A remarkable fact is the absence of satura-
tion for the Gd signal in magnetic fields as high as 17 T. It may be a sign
of a complex magnetic structure of fcc-Gd, in analogy with hcp-Gd [54].
The Eu signal (reflecting the magnetic state of EuO) exhibits FM up to
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80 K. The XMCD signal at 80 K amounts to about a third of the low
temperature signal. It is difficult to make a comparison with the studies
of EuS multilayers, which show the room temperature data only - the
XMCD signal is reduced 14 times for Co/EuS [37] and more than 50
times for Ni/EuS [39] with respect to the low-temperature values. It
should be noted that the Eu signal does not correspond to magnetic
polarons because the characteristic saturation fields are too low [32].
Therefore, we believe the XMCD results reveal genuine changes in EuO
magnetism. Regretfully, EuO turns out to be robust against proximity
effects — T does not approach room temperature.

4. Conclusions

The modern spintronics relies upon the great number of magnetic
materials gifted to us by nature. However, many materials of the ut-
termost importance, such as silicon, graphene or topological insulators,
are non-magnetic. FM insulators fuse non-magnetic materials and
spintronic applications by inducing spin polarization into the former.
However, FM insulators are rare, their properties and application areas
differ significantly. EuO is known for its simple atomic structure, robust
Heisenberg-type ferromagnetism, high magnetic moments and extreme
tunability of its properties. It would make an extraordinary spin injector
if its T were not as low. Numerous attempts to increase T¢ of EuO by
doping sacrifice its insulating properties. In contrast, magnetic ex-
change coupling with an FM metal may increase the Curie temperature
without making EuO a metal. Previous studies of EuS/(FM metal)
multilayers suggest feasibility of such an approach. In the present work,
we report synthesis, structural characterization and magnetic properties
of the Gd/EuO bilayer on two different substrates — YSZ and Si. It is
particularly interesting that Gd is stabilized in its metastable face-cen-
tered cubic form with a surprisingly small lattice parameter. Both in-
tegral magnetization and element-selective XMCD studies reveal a sig-
nificant modification of magnetic properties of EuO. Although T¢ of
EuO is still low, not the least because T¢ of Gd itself is below room
temperature, the present work makes an important step forward to-
wards high-temperature spin injectors based on EuO.
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