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We show that thin layers of EuO, a ferromagnetic insulator, can be achieved by topotactic reduction under
titanium of a Eu2O3 film deposited on top of a graphene template. The reduction process leads to the formation
of a 7-nm-thick EuO smooth layer, without noticeable structural changes in the underlying chemical vapor
deposited graphene. The obtained EuO films exhibit ferromagnetism, with a Curie temperature that decreases
with the initially deposited Eu2O3 layer thickness. By adjusting the thickness of the Eu2O3 layer below 7 nm, we
promote the formation of EuO at the very graphene interface: the EuO/graphene heterostructure demonstrates
the anomalous Hall effect (AHE), which is a fingerprint of proximity-induced spin polarization in graphene.
The AHE signal moreover persists above Tc up to 350 K due to a robust super-paramagnetic phase in EuO.
This original high-temperature magnetic phase is attributed to magnetic polarons in EuO: we propose that the
high strain in our EuO films grown on graphene stabilizes the magnetic polarons up to room temperature. This
effect is different from the case of bulk EuO in which polarons vanish in the vicinity of the Curie temperature
Tc = 69 K.

DOI: 10.1103/PhysRevB.108.144423

I. INTRODUCTION

Combining the unique electronic properties of graphene
and the spin degree of freedom of electrons is extremely
attractive due to the expected large spin diffusion length of
charge carriers in graphene [1–3], with pure spin current al-
ready demonstrated over several tens of micrometers [4,5].
Since pristine graphene is nonmagnetic, exploiting graphene
for spintronics requires either to inject spin-polarized carriers
into graphene from ferromagnetic electrodes [6,7] or to induce
a ferromagnetic phase in graphene that should lead to the spin
polarization of carriers [8]. Several ways have been followed
in order to achieve such a ferromagnetic graphene [9]. The
proximity-induced ferromagnetism appears as a promising
method: the hybridization of spin-polarized electrons in a fer-
romagnet, with the π electrons of graphene should induce the
exchange interaction necessary for long-range ferromagnetic
interactions in graphene. This method involves ferromagnetic
insulators, that do not shunt the current away from graphene
[10]. Among the few available ferromagnetic insulators, YIG
(yttrium-iron-garnet) [11–13] EuS [14], EuO [15,16], and
Fe-ferrites [17] have for example been studied in the recent
years: Solis et al. [18] showed for instance through ab-initio
simulations that YIG or EuO, used as local electrodes, could
theoretically induce a large spin-polarization in graphene and
even a subsequent giant-magnetoresistance (GMR) effect up
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to 100%, which is appealing for spintronics applications. This
GMR effect has nevertheless to be experimentally demon-
strated in graphene: fabricating such devices still requires
the optimization of the ferromagnetic/graphene interfaces. For
this purpose, spin-polarized transport properties in graphene
are used as fingerprints of the proximity-induced spin po-
larization in graphene: the anomalous Hall affect (AHE)
[19], which is related to the appearance of magnetization in
graphene, or nonlocal voltages revealing the Zeeman splitting
of graphene Dirac cones between up and down spins [13,14]
are direct proofs of the spin polarization in graphene.

Among the insulating ferromagnetic that are candidate
materials, EuO is a half-metal with a 1.1-eV gap [20]: the
coupling between the 4f Eu2+ localized moments (7μB) is
archetypical of a Heisenberg ferromagnet [20], and shows a
Curie temperature of 69K [20,21]. As a noticeable drawback,
EuO is not stable in an oxidizing environment (even in the
air) [22,23] and turns into the Eu2O3 stable phase of the
europium oxide, which is a nonmagnetic insulator [24,25].
This makes the fabrication of EuO films relatively compli-
cated. For this reason, and despite theoretical predictions of
a large spin-polarization [18], only very few experimental
works reported the fabrication of Gr/EuO films: Swartz et al.
[15] or Klinkhammer et al. [16] used reactive molecular beam
epitaxy (MBE) methods in an oxygen-limited regime called
weak distillation mode to grow EuO on graphene, respectively
on exfoliated graphene and chemical vapor deposited (CVD)
graphene on Ir(111), but they did not show AHE or other
properties demonstrating the spin-polarization in graphene.
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More recently, Averyanov et al., [26] used a similar MBE
technique (again with an excess of Eu) on CVD graphene
transferred on a SiO2 substrate: some of the EuO films grown
by this delicate method proved to be epitaxial (the EuO [001]
direction is along the normal to the plane) and turned out to
induce an AHE effect in graphene up to 300 K, well above the
Tc of bulk EuO, but exhibiting a surprisingly slow variation
with the applied magnetic field, without clear saturation, at
any temperature.

Besides studies on EuO/Gr systems, Mairoser et al. [23]
showed, using an original topotactic technique, that thin layers
of EuO could be performed on YAlO3 substrates: for this
purpose, they deposited the stable europium oxide, Eu2O3,
as a thin film by a sputtering method. The deposition of a
titanium capping layer at high temperature, between 350 ◦C
and 550 ◦C, led to a reduction of the Eu2O3 layer into the
ferromagnetic EuO oxide (through the reaction 2Eu2O3 +
Ti → 4EuO + TiO2), which proved to exhibit good magnetic
properties.

We show in this article the fabrication of a ferromagnetic
EuO layer at the very graphene interface, without the need for
sophisticated oxygen-assisted MBE techniques. This is made
possible by combining the topotactic transformation of Eu2O3

layer grown on a graphene template, with the fine adjustment
of the initial thickness of Eu2O3. Moreover, this method is
demonstrated for the CVD graphene template [27], making
our process relevant for applications and mass-scale studies.
This relatively simple method could open the way to many
applications for graphene spintronics. Moreover, the behav-
ior of the EuO magnetization in layers grown on graphene
in this topotactic way is deeply modified, relatively to bulk
EuO: we observe a robust super-paramagnetic phase up to 350
K well above the bulk values for this phase. This suggests
the possibility of exploiting the ferromagnetic EuO at room
temperature, circumventing the usual limitation due to a low
Curie temperature.

In these works, we focus on the thickness-dependent mag-
netic properties of the ferromagnetic EuO layers on top of a
graphene CVD monolayer. Our goal is to precisely understand
the direction of the magnetization, its localization in the oxide
layer, and to have a quantitative estimation of its temperature
dependency. Besides superconducting quantum interference
device (SQUID) techniques, we use AHE in graphene as a
probe of the magnetization of EuO at the interface, but we
will mostly remain in a relatively “high temperature” range
up to 350 K; we therefore do not detail the specific proximity-
induced electronic properties of graphene at low temperature
(close to 2 K) that are gate-voltage dependent: this will be
extensively studied in a forthcoming paper.

II. TOPOTACTIC GROWTH OF EuO AND STRUCTURAL
CHARACTERIZATION

We use as growth templates commercially available
samples (Graphenea) made of monolayer CVD graphene
transferred on SiO2/Si substrate. In order to get the highest
surface quality for the EuO growth and to get rid of surface
contamination such as polymer residues resulting from the
CVD transfer process, the samples were first out-gassed in
ultrahigh vacuum for several hours at different temperature

FIG. 1. (a) Sketch of the deposited stack. (b) Raman spectra
measured on the same sample at different steps of the growth: pristine
CVD graphene on SiO2, graphene covered by Eu2O3 at room tem-
perature, graphene after Ti capping at 450 ◦C. The vertical dashed
lines are guides to the eye showing the positions of the G- and
2D-mode features in pristine graphene and illustrating the upshift
of the G-mode and downshift of the 2D mode that develops after
Ti deposition, which can be understood as a signature of significant
electron doping. (c) AFM observation of the sample surface for
tEu2O3 = 14 nm. A typical height profile is given as inset. Notice that
we observe typical wrinkles of CVD graphene domains.

steps up to 400 ◦C in a 10−10 mBar base pressure. The de-
position of Eu2O3 was performed at room temperature using
an e-beam evaporation gun in a MBE chamber, monitored
by a quartz microbalance. The Eu2O3 evaporation leads to
an increase of the oxygen partial pressure close 10−8 mBar.
After deposition, the samples were heated to 450 ◦C and then
capped by a titanium layer in the same chamber [Fig. 1(a)].
After deposition of the capping layer, the samples were left
40’ at 450 ◦C to promote the reduction process by titanium of
Eu2O3 into EuO before cooling down to room temperature in
one hour.

The impact on graphene of topotactic growth conditions is
studied in Figs. 1(b): the Raman spectra on graphene are given
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FIG. 2. Electron microscopy observation on a 14-nm-thick Eu2O3 sample on SiO2, without graphene, capped by a titanium layer.
(a) STEM cross section showing two different smooth layers in the europium oxide film, including darker clusters in the top layer. (b) and
(c) EELS mapping obtained from the Ti L-edge and Eu N edge on the area shown in (a). No noticeable interdiffusion between Eu and Ti
is observed. A difference in Eu edge intensity is observed between the top and bottom layers in europium oxide associated to a change in
electronic density and stoichiometry from EuO to Eu2O3. (d), (e) Comparison of EEL spectra of Eu-N and O-K edges, respectively, obtained
from different layers of the cross section. (f) High-resolution STEM observation of the europium oxide film: the bottom layer is amorphous
(see the Fourier Transform in the lower inset) whereas the top layer is polycrystalline (top inset with reflections of EuO marked).

for comparison on pristine graphene, after Eu2O3 deposition
and after Ti capping at 450 ◦C. The position and relative
intensities of the characteristic D and G Raman peaks of
graphene are not strongly modified and, noticeably, the ID/IG

ratio remains low at all steps, typically near or below 10%,
confirming that the annealing of graphene below europium
oxide is not detrimental to the quality of the graphene layer
[28,29]. Moreover, the observation of the titanium oxide sur-
face by atomic force microscopy (AFM) in Fig. 1(c) proves
a smooth surface of the layers: whatever the deposited Eu2O3

thickness, we observed continuous films covering the whole
graphene layer with typical roughness below 0.5 nm.

Cross sections for scanning transmission electron mi-
croscopy (STEM) were obtained by focused ion beam
preparation. A thick reference sample (tEu2O3 = 14 nm, and
tTi = 15 nm), grown directly on SiO2, without graphene,
shows by high-angle annular dark field (HAADF)-STEM
imaging [Fig. 2(a)] two layers with different mass densities:
one, darker, at the bottom is about 5–7 nm-thick, whereas
the brighter top oxide layer, at the titanium interface, has a

thickness in the 7–8 nm range, and exhibits slightly darker
included clusters. Electron energy-loss spectroscopy (EELS)
spectrum-images [Figs. 2(b) and 2(c)] and spectra [Figs. 2(e)
and 2(g)] confirm the presence of two different layers in the
europium oxide film, as well as a low interdiffusion between
Ti and Eu, since we do not observe any titanium in the
layer containing europium; this rules out the formation of the
EuTiOx perovskite structure.

Moreover, we observe [Fig. 2(f)] that the top europium
oxide layer, including the inserted clusters, is polycrystalline.
A detailed analysis of this polycrystalline, clustered layer by
high-resolution TEM imaging (see the Supplemental Material
[30]) indicates the presence of a EuO matrix with Eu3O4

clusters: they most probably form during the annealing and
reduction process due to the close Ti layer. The presence of
Eu3O4 clusters in a EuO matrix was reported in the case of
EuO growth on graphene by Averyanov et al. [27]; Eu3O4

even formed a continuous film on graphene, without EuO, in
the case reported by Aboljadayel et al. [31]. Concerning the
bottom europium oxide layer in our samples, it appears to be
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FIG. 3. Electron microscopy observation on cross sections of eu-
ropium oxide samples on CVD graphene. (a) HAADF-STEM image
of a 14-nm-thick europium oxide film showing a 7–8 nm brighter top
layer including darker clusters, and a 5–6 nm bottom layer. Notice
the contrast in the 15-nm-thick Ti layer, showing darker top and
bottom layers, corresponding to oxidized titanium. (b) Zoom on the
europium oxide layer: the top part, and the included clusters, are
polycrystalline (see Fourier transform in inset), the bottom part is
amorphous. The lattice fringes (see inset) are consistent with the
presence of Eu3O4 clusters and EuO. (c) HAADF-STEM image of a
7-nm-thick europium oxide film, showing in some places fluctuations
in the thickness, but no sign of a separation into two layers. (d) Zoom
on the europium oxide film, which is polycrystalline down to the
bottom interface and shows crystalline clusters in a diffuse matrix
(the distance corresponding to clear reflections is given). This matrix
again corresponds to Eu3O4/EuO (see inset FFT). The graphene
layer cannot be distinguished.

amorphous [bottom inset in Fig. 2(f)]: too far away from the
Ti capping layer, it is not modified by the reduction process,
and probably remains in its initial state.

On a similar sample, but grown on CVD graphene,
HAADF-STEM observations [Figs. 3(a) and 3(b)] confirm the
same features, i.e., a crystalline top EuO layer that is about
7–8 nm-thick and includes darker clusters, and a 5–6 nm-thick
amorphous bottom layer. Again, the observed lattice fringes
are consistent with a EuO-Eu3O4 mixture in the top layer.

On a thinner sample (tEu2O3 = 7 nm) also grown on CVD
graphene [Figs. 3(c) and 3(d)] we do not distinguish anymore
the second amorphous layer at the bottom: Eu3O4 clusters
are still observed in a nanocrystalline EuO matrix that now
reaches the bottom interface, i.e., the graphene layer, but no
Eu2O3 layer can be observed. Moreover, the europium oxide
film, which remains globally smooth, exhibits in some places
localized defects or constrictions in the oxide layer [Fig. 3(c)].

As a partial conclusion on TEM observations, we ob-
serve a low interdiffusion between titanium and europium
oxide, as well as evidence of reduction of Eu2O3 into a

7–8 nm-thick EuO/Eu3O4 layer. In samples with less than
7-nm Eu2O3 nominal thickness, the EuO layer appearing after
the reduction process reaches the graphene bottom interface
whereas in the case of thicker samples, the bottom layer,
at the graphene interface remains in a Eu2O3 phase. These
structural observations will be confirmed through magneto-
transport measurements, as will be shown below.

III. MAGNETIC MEASUREMENTS

Figure 4(a) shows the M(H) loops measured by SQUID
under an in-plane magnetic field on a 14-nm-thick europium
oxide reference sample directly deposited on a SiO2 substrate,
capped with 14-nm Ti: these curves confirm the reduction of
Eu2O3 into EuO, leading to a large ferromagnetic signal. The
coercive field Hc equals 240 Oe and the remanence at H = 0
is close to 60%. A magnetization of 2.7 Bohr magnetons
per europium ion at 20 K can be extracted from the SQUID
measurement (assuming a uniform oxide layer on the whole
14-nm europium oxide thickness). Taking into consideration
the TEM observations of a 7-nm-thick EuO layer on top of a
nonmagnetic Eu2O3 for such thick samples, we would obtain
5.4μB per Eu2+ ion, still lower than the 7μB value expected
in perfect EuO.

Temperature-dependent measurements of the magnetiza-
tion under a magnetic field B = 0.2 T [Fig. 4(b)] exhibit a
decrease of M that drops to zero close to 100 K. This value,
higher than the Curie temperature Tc = 69 K in perfect bulk
EuO crystals [20,21,32], is consistent with different works
reporting an increase of Tc above 100 K in nonperfectly sto-
ichiometric EuO [32–34]. The shoulder in the M(T) curve
of Fig. 4(b) between 70 and 100 K is also in accordance
with the observations made by Liu et al in the case of over-
reduction of the EuO oxide [32] or La or Gd-doped EuO
[35,36]. Moreover, a noticeable increase in magnetization is
observed at very low temperatures (below 10K) which can
be attributed to the contribution of Eu3O4 particles: Eu3O4 is
a metamagnetic antiferromagnet [37] with TN ≈ 5.5K in the
bulk [38], which was shown to induce such a low-temperature
magnetization when deposited on graphene layers [31]. This
is consistent with our TEM observation of Eu3O4 clusters in
the top oxide layer (Figs. 2 and 3). Furthermore, this explains
that the evaluated magnetic dipole per europium ion does not
reach the expected 7μB in our samples, since a non-negligible
fraction of Europium ions is included in this Eu3O4 phase.

As a comparison, we show in Fig. 4(c) the M(H) loops
obtained for the same stack as in Fig. 4(a) but deposited on
a graphene CVD monolayer. The magnetization is strongly
reduced in that case, but we are still dealing with EuO since
the evolution that is observed [Fig. 4(b)] on M(T) curves is
characteristic of the magnetic transition of EuO (Tc is similar
with and without graphene). If we assume, from TEM ob-
servations, a 7-nm-thick reduced EuO layer, we obtain about
0.7μB per Eu2+ ion in the ferromagnetic layer. This moment
is much below the expected 7μB in pure EuO: this indicates
that the fraction of europium ions entering the Eu3O4 phase
might be larger in this sample, which drastically decreases
the effective moment for all europium ions. This implies that
graphene, perhaps through the strain induced in the oxide, or
due to a modification of the structure (size, orientation of the
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FIG. 4. In-plane SQUID measurements on “thick” samples with tEu2O3 = 14 nm, after Ti capping at 450 ◦C: (a) M(H) loops at 2 and
35 K on a sample directly deposited on SiO2. (b) Normalized M(T) curves obtained with an applied magnetic field B = 0.2 T on samples
grown on SiO2 and on graphene. The diamagnetic contribution of the substrate, that is temperature-independent, was subtracted: it was
precisely evaluated from linear fits of M(H) curves in the [2–8 T] range. (c) and (d) M(H) loops on samples (tEu2O3 = 14 nm) grown on
graphene with two different Ti capping thicknesses. The diamagnetic contribution of the substrate was subtracted.

grains), might influence the Eu2O3/Eu3O4 ratio forming under
the titanium layer, by favoring the Eu3O4 phase, as already
observed by Aboljadayel et al. [31].

Figures 4(c) and 4(d) were obtained on similar samples of
graphene with tEu2O3 = 14 nm but with two different titanium
layer thicknesses, respectively, 10 and 2.5 nm. The M(H)
curves are almost identical, with Hc ≈ 100 Oe and a high
remanence at H = 0. This similarity, whatever the titanium
thickness, proves that down to 2.5 nm, there are enough tita-
nium atoms in the capping layer to promote the reduction of
Eu2O3. The following studied samples will thus be capped
with a 2.5-nm Ti layer; this amount is sufficient to reduce
the europium oxide layer, but low enough to avoid electrical
shortcuts during transport measurements (at 2.5 nm, titanium
is fully oxidized and thus insulating).

By modifying the deposited europium oxide thickness
tEu2O3, we observe that the decrease down to 7 nm leads to
a smaller Hc value (close to 25 Oe) [Fig. 5(a)], and lower
remanence. Assuming a 7-nm EuO layer, we obtain from the
magnetization value, about 1.5μB per Eu2+ ion. We observe
on the M(T) curve [Fig. 5(b)] a Tc value close to 100 K, but,
surprisingly, the magnetization value does not fall to zero
above Tc: as confirmed by high-temperature M(H) curves, a
nonzero signal survives up to room temperature, contrary to

what was observed on thicker samples. This point will be
elucidated below.

IV. MAGNETOTRANSPORT MEASUREMENTS

We now explore the magnetotransport properties of our
samples. Hall bars were fabricated by standard laser lithog-
raphy techniques and physical graphene etching by oxygen
plasma as detailed in previous works [39,40]. Gold elec-
trodes were achieved by a lift-off process. Reference samples
without graphene, deposited on SiO2 substrates in the same
conditions (i.e., capped at 450 ◦C with titanium and annealed
for 40’) showed very large equivalent longitudinal Rxx re-
sistances, hardly measurable: we obtain for a tEu2O3 = 9 nm
reference sample Rxx = 7.5 M� at 25K and 1.8 M� at 300K.
This is more than three decades larger than the Rxx val-
ues of graphene, making EuO conductivity negligible. This
observation rules out a significant contribution from the ox-
ide layer on the magnetotransport properties of the Gr/EuO
heterostructure.

For thick film samples on graphene (tEu2O3 = 14 nm), the
longitudinal Rxx(H ) curves [Fig. 6(a)] are consistent with a
classical magnetoresistance effect in graphene [41]. A nega-
tive magnetoresistance effect is moreover observed up to 20K,
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FIG. 5. In-plane SQUID measurements on an intermediate thickness sample with tEu2O3 = 7 nm. (a) M(H) curves obtained at different
temperatures. Inset: zoom on the magnetization reversal at low magnetic field at 35 K. (b) Normalized M(T) curve obtained under
B = 0.2 T. The diamagnetic contribution of the substrate was subtracted. Notice that M does not drop to zero above Tc but remains close
to about one-tenth of Mmax (dotted line).

below B = 0.25 T, which can be attributed to a usual weak
localization effect [41,42] in graphene, as observed on the
bare graphene reference sample [see inset in Fig. 6(a)]. The
Rxy(H ) curves [Fig. 6(b)] only show a simple linear behavior.
After subtracting the linear slope corresponding to the normal
Hall effect, we only observe a nonsignificant noisy signal
[inset in Fig. 6(b)]. This confirms, as expected above, that
there is no contact between graphene and EuO and thus no
AHE related to the coupling between the ferromagnetic layer
and graphene. This moreover proves that the magnetic stray
field from the EuO top layer is not sufficient to induce para-
sitic Lorentz force within the graphene sensor.

As detailed previously, we have to decrease the thickness
of the deposited europium oxide in order to promote the
formation of EuO at the very interface with graphene. At a
thickness tEu2O3 = 9 nm, we still do not observe any AHE sig-
nal (not shown), but at tEu2O3 = 7 nm we observe the drastic
effects shown in Fig. 6(d). The AHE part in the Rxy (H) curve
dominates the normal Hall effect signal: indeed, the curves
shown as-measured, without subtracting a linear slope. At
10 K for instance, they show a large variation in the low
magnetic field range, with an almost linear behavior, followed
by saturation at about B = 2.2 T, where the variation becomes
much slower. As deduced from Figs. 4 and 5, the magnetiza-
tion of the EuO layer lies spontaneously in-plane probably due
to the demagnetizing field of the layer. During AHE measure-
ments, it is forced by the perpendicular external magnetic field
to align along the normal to the plane hard axis. The normal
component of the magnetization Mz is known [12] in that case
to follow an almost linear behavior relative to the applied mag-
netic field and to align along the normal to the plane at a field
proportional to the saturation magnetization Ms as B = μ0Ms,
which is required to overcome the demagnetizing field of
the layer. That is further confirmed by SQUID measurements
of Mz [see inset on the left in Fig. 6(d)]: The Rxy(H ) AHE
signal and the Mz(H ) SQUID measurements follow nearly
the same behavior. This confirms their proportionality, with
a saturation magnetic field value of the AHE signal that gives

a rough estimation of the Ms value. All those features clearly
prove that we observe an AHE signal that is related to the Mz

component of the EuO layer: since this layer is directly at the
interface with graphene, the proximity effect of EuO induces
a spin-polarization of carriers in graphene. Notice that the
observed saturation of the AHE signal differs from the results
reported by Averyanov et al. [26] on EuO/Gr systems where
the AHE signal evolved smoothly up to B = 9 T. Our results
on the other hand are closer to the results shown by Wang et al.
[12] in YIG/Gr systems, with an almost linear variation of the
AHE signal with H followed by a clear saturation.

The longitudinal resistance Rxx(H ) is given in Fig. 6(c)
at different temperatures. Beside weak localization effects at
low magnetic field [43], a more surprising effect is observed:
a positive magnetoresistive effect that saturates close to
B = 2.2 T, contrary to what we observe in bare graphene
Hall bars, or in the case of thick-14 nm-europium oxide
layers deposited on graphene where the paraboliclike magne-
toresistance did not saturate with the applied magnetic field
[Fig. 6(a)]. As the temperature is increased up to 100 K,
the shape of the curves remains globally the same, with a
slight decrease of the magnetic field at saturation. We thus
can draw a clear parallel between the Rxx(H ) and Rxy(H )
temperature-dependent behaviors: these observations show
that the direction of the EuO magnetization directly influences
the resistivity of the graphene layer. This clearly reminds
theoretical predictions [44] of proximity-induced anisotropic
magnetoresistance in two-dimensional (2D) materials at the
interface with ferromagnetic layers; this effect dominates in
our case the usual magnetoresistance observed in graphene.
This again confirms that the behavior of graphene is dramat-
ically modified once in direct contact with the ferromagnetic
EuO layer.

We now turn to the “high-temperature regime” above Tc:
As can be seen on Fig. 6(d), the shape of Rxx(H ) curves
is modified when T crosses a threshold above 100K which
corresponds to Tc as evaluated from SQUID measurements.
The low magnetic field regime (roughly speaking, below
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FIG. 6. (a) and (b) Magnetotransport measurements at 25K on a “thick” sample with tEu2O3 = 14 nm grown on graphene. On the left
panel Rxx(H) longitudinal resistance of a Hall bar with H normal to the plane. Inset: same measurement on pristine graphene. On the right
panel as-measured Rxy (H) transverse resistance (green), and AHE signal after subtraction of a linear slope (blue). Inset: zoom on the zero-AHE
signal exhibiting only noise. (c) and (d) Magnetotransport measurements on an intermediate-thickness sample with tEu2O3 = 7 nm. On the left
panel Rxx(H) curves at different temperatures showing below Tc a saturation at high magnetic field. On the right panel as-measured Rxy(H )
curves at different temperatures below Tc showing a saturation at high magnetic field and a constant slope around H = 0. Upper inset: SQUID
M(H) out-off plane measurement on a similar sample at 10 K. Lower inset: Ms plotted as a function of T. (e) same as in (d) with a zoom at
lower field and extra curves measured above Tc (purple). These high temperature curves exhibit a T-dependent slope. (f) Rxy(H ) curve at 225
K with a fit by a Langevin function obtained with m = 205μB Inset: M(H) curve measured by SQUID on a similar sample at T = 225K, with
a fit by a Langevin function obtained with m = 2350μB.

B = 2.2 T ) disappears and we just observe a paraboliclike
change of Rxx(H ) curves on the whole magnetic field range,
with a larger amplitude in the variation of Rxx. In a correlated
way, the Rxy(H ) curves [Fig. 6(e)] show a transition: the
slope at low magnetic field changes with T, contrary to the
case of the low temperature regime, and the curve’ shape
does not follow a linear behavior followed by saturation.
Indeed, no clear magnetic saturation is observed anymore:
as can be seen on Fig. 8(b), these curves follow a Langevin
law, with M(H) given by M(x) ∝ 1

tanh x − 1
x where x = m H

k T
and m is the average magnetic dipole carried by nanometric
magnetic objects that will be defined below [45,46]. SQUID

measurements carried out in this “high temperature regime”
confirm a similar behavior, with again good fits to the ex-
perimental data using Langevin functions [inset in Fig. 6(f)],
nevertheless, with a larger value of m obtained from the ad-
justment of these curves. This dramatic change in the M(H)
shape points to a transition from a ferromagnetic state to a
super-paramagnetic state in the high temperature regime, at
Tc. Although EuO is no more ferromagnetic, its magnetization
survives above the Curie temperature in an assembly of small
objects and still drives the AHE in graphene, which implies
that there is still a spin polarization of the carriers in graphene.
Such a magnetic state has been reported in bulk EuO, but only
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FIG. 7. Hall measurements at different gate voltages observed at T = 40 K. (a) Rxy measurements including the normal and anomalous
Hall effect. (b) AHE signal after subtracting the slope corresponding to the normal Hall effect.

in the vicinity of TC , or in doped EuO, below 140K [32]. This
phase was explained by the presence of magnetic polarons
[32,45,46] in the oxide. These polarons couple antiferromag-
netically to the localized spins on Eu2+ ions and subsequently
induce ferromagnetic exchange coupling between each other.
Within the polaron radius, all ionic spins should thus con-
tribute to a magnetic dipole m, yet with a non-negligible
disorder [45].

This magnetic phase moreover explains the magnetic sig-
nal preserved over TC that was observed by SQUID in
Fig. 5(b): contrary to magnetic polarons in bulk and doped
EuO that vanish above 140K [32,45], the polaron in strained
EuO/graphene heterostructures are here preserved up to room
temperature, (and even up to 350K, see the Supplemental
Material [30]).

Another proof of the proximity effect in graphene is given
by gate-voltage dependant AHE measurements. By applying a
gate voltage Vg on graphene through the SiO2 insulating layer
we can modulate the magnetotransport properties of graphene
on Hall bars: the transition from electron to hole carriers takes
place between Vg =-85V and Vg =-100V as Vg is decreased,
corresponding to a change in the Hall effect sign, i.e., of the
high magnetic field slope sign of Rxy(H ) curves shown in
Fig. 7(a). The AHE signal shown in Fig. 7(b) on the other hand
does not reverse its sign, as previously reported for graphene
magnetically proximitized with YIG [12] for example. This
again proves that the AHE and normal Hall effect follow two
different mechanisms: AHE is therefore not due to stray fields
from EuO but to a proximity effect at the graphene interface.

If we now consider a thinner sample with 5-nm initial
Eu2O3, we still observe [Fig. 8(a)] an AHE signal in graphene
up to room temperature. This reveals the presence of a robust
magnetization in EuO. From 100 to 300 K all Rxy(H ) curves
can indeed be adjusted to Langevin functions. The amplitude
of the AHE signal decreases noticeably with increasing T
whereas the shape of the curves only slightly evolves. The
adjustments by Langevin functions in the magnetic polaron
phase enable us to extract the m parameter [35,46] at different
temperatures, as plotted in Fig. 8(b): m increases with T and
amounts to 200μB at room temperature. A similar analysis
[Fig. 8(b)], performed on the magnetic polaron phase of the
7-nm-thick Eu2O3 sample of Fig. 6, proves a similar behavior,

with m = 300μB at room temperature. Finally, in a thinner
sample with tEu2O3 = 4 nm, we did not observe any magnetic
transition into a ferromagnetic phase at low temperature: the
magnetic polaron phase is observed on the whole [2–300 K]
temperature range and leads to an almost linear m(T) depen-
dency [Fig. 8(b)].

In addition to the SQUID observations shown in Figs. 5(a)
and 6(f) on 7-nm-thick samples, we confirmed the high-
temperature magnetic phase by magnetometry measurements
on our 5-nm-thick (Fig. 8) sample: the in-plane M(T) loops
[Fig. 8(c)] show a decrease of Tc close to 60 K relative to
thicker films, and again a nonzero, almost constant, mag-
netization above Tc up to room temperature. Moreover, the
in-plane M(H) curves [Fig. 8(d)] above 60K are close to each
other whatever T. Out-off plane measurements [Fig. 8(e)]
exhibit a similar behavior as a function of T, and M(H) loops
are close to in-plane curves [Fig. 8(f)]. This similarity is
another proof of the assembly of small magnetic dipoles: in a
continuous magnetic film, the demagnetizing field should sys-
tematically induce a difference between in-plane and out-off
plane measurements: we are thus dealing with 3D localized
objects inside the thin film. The M(H) curves can here be
adjusted by Langevin functions from which we extract m
values that are much larger than the values obtained from
AHE curves: at 300 K m equals 6000μB, instead of 205μB
as evaluated from AHE. Notice that the same discrepancy
was observed on the 7-nm-thick sample [Fig. 6(f)], for which
SQUID measurements gave m close 3500μB at room temper-
ature instead of about 300μB from AHE. The values of m,
evaluated from SQUID and from AHE at 300 K are summa-
rized below in Table. I.

V. DISCUSSION

The main question raised by our experimental results con-
cerns the nature and origin of the robust polaron-induced
super-paramagnetic (SP) phase. An order of magnitude of the
polarons’ radius in the different samples can be obtained by
supposing that polarons perfectly couple Eu2+ spins carry-
ing a 7μB magnetic dipole; this is a rough approximation
which neglects the spin-disorder inside polarons, which can
be large in EuO [45]. We can, by this way, assess the diameter
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FIG. 8. (a) AHE curves obtained under positive magnetic field on a “thin” sample with tEu2O3 = 5 nm, at different temperatures above
Tc. For each curve, a fit by a Langevin function is shown (red lines). (b) Plot of the m(T) parameters obtained above Tc from fits of Rxy(H )
curves by Langevin functions, for three samples: (red) tEu2O3 = 7 nm, with Tc ≈ 110 K, (blue) tEu2O3 = 5 nm, with Tc ≈ 62 K, and (green)
tEu2O3 = 4 nm, with no observable Tc (the magnetic behavior is superparamagnetic at any T for these thin layers). A second-order polynomial
curve is given as a guide to the eyes for the three curves (black lines). (c)–(f) SQUID measurements on a “thin” sample with tEu2O3 = 5
nm. The diamagnetic contribution of the substrate was subtracted: (c) Normalized M(T) curve. Again, M does not drop to zero above
Tc ≈ 62 K.(d) In-plane M(H) loops at different temperatures above Tc. The curves almost superimpose whatever the temperature, up to
300 K. (e) Comparison of in-plane and out-off plane curves at 250 K. (f) Out-off-plane M(H) loops at different temperatures above Tc, that are
almost superimposed. A fit by a Langevin functions is given.

of 300μB polarons to about 1.2 nm. As a comparison, in
bulk samples, the radius of a polaron in EuO was reported
[47] to vary with temperature, but a typical diameter was
about 3 nm, which implies about 1000 europium ions, and
thus m = 7000μB for the magnetic object associated to the
polaron. The values obtained in our samples, from SQUID
measurements (a few thousands of Bohr magnetons) and from
AHE measurements (a few hundreds of μB), are thus lower
than observed in bulk EuO. Moreover, the increase of m with T
[Fig. 8(b)] suggests either an increase of the polarons diameter

or of the spin alignment inside polarons with temperature:
indeed, those parameters were shown [46,47] to vary with the
carrier density, which itself varies with T.

Concerning the origin of this SP phase, we have to un-
derline that a similar phase was reported by Averyanov et al.
[26] in the case of epitaxial EuO on graphene: the AHE signal
revealed a SP (Super-Paramagnetic) phase at high temperature
(up to 300K) but also in the low temperature regime (even at
2K) if we consider their smooth, nonsaturating M(T) curves,
with almost no temperature-induced change of the curves’
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TABLE I. Summary of the SP-related phase parameters as a
function of the Eu2O3 thickness.

m (300K) m (300K)
from SQUID from AHE

Eu2O3 Thickness Tc in µB in µB

14 nm ∼110K No SP phase No SP phase
7 nm 110K 3500 320
5 nm 62K 6000 205
4 nm no Tc 4300 105

(only SP phase) (measured at 250K)

shape. This corresponds to the behavior of our thinner sample
(4-nm-thick) but differs from our thicker samples which
exhibit a clear “usual” ferromagnetic state below Tc. Never-
theless, those results combined with our observations point
to a strong influence of graphene which promotes this SP
phase up to high temperature. Averyanov et al., by analogy
with the work of Katmis et al., [48] on EuS/Bi2Se3 sys-
tems, suggested that the polaron-induced SP phase in EuO
on graphene could be driven by the large spin-orbit cou-
pling (SOC) at the 2D interface. This effect could indeed be
strong at the EuO/graphene interface, forcing and stabilizing
an out-off plane magnetization, well above the expected Curie
temperature of ferromagnetic layer. However, this would not
be consistent with our observation of relatively similar M(H)
curves in-plane and out-off plane in the SP phase [Fig. 8(e)]:
by definition, SOC at the graphene interface should lead to
highly anisotropic effects inducing large differences in M as
a function of the direction of the applied magnetic field. We,
therefore, put forward another hypothesis: graphene probably
modifies, on a given characteristic length, the EuO properties,
not only at the very interface with the oxide, probably through
biaxial strain, and could therefore drastically affect the po-
larons’ energy [30] and their temperature-dependent behavior.
As shown in Fig. 4(b), thicker films with tEu2O3 = 14 nm do
not exhibit the high temperature SP phase; the strain due to
the graphene layer is probably too low above the characteristic
strain-relaxation length and the magnetic behavior of thicker
layers is thus closer to what is observed in bulk EuO.

This hypothesis, related to large strain in the whole EuO
layer, does not exclude that graphene could have a specific
influence on the EuO SP phase at the very interface: indeed,
there is a systematic difference in magnetic polaron sizes as
evaluated through AHE or SQUID techniques in our samples,
since SQUID gives much larger polarons magnetic dipoles
(about one order of magnitude). The most likely explanation is
that SQUID observations probe the whole EuO magnetization,
whereas AHE is only sensitive to the EuO/Gr interface. This
implies that smaller polarons, more precisely, polarons with
smaller m, maybe due to larger spin disorder, are located at
the bottom interface with graphene whereas larger ones are
located upper in the oxide layer, but within the characteristic

strain-relaxation length. Within such a hypothesis, the SQUID
magnetic signal would be dominated by magnetic polarons
that graphene cannot feel. The interfacial mechanism that
influences the polarons’ magnetic dipole m at the interface has
to be further investigated.

VI. CONCLUSION

As a conclusion, we showed that an EuO layer on top
of graphene can be obtained by a topotactic reaction with
a titanium capping layer. At a given capping temperature of
450 ◦C, the thickness of the reduced EuO layer is limited
to about 7 nm. By adjusting the initial europium oxide film
below this threshold thickness, we obtain polycrystalline EuO
at the graphene interface which causes a high AHE effect and
an original magnetoresistive effect in graphene, both related
to the direction of the EuO magnetization and not directly
to the applied magnetic field. Moreover, the obtained EuO
layer magnetization shows an original behavior above Tc in
comparison with bulk EuO: a superparamagnetic phase can
be promoted in these thin samples above the Curie temper-
ature up to at least 350K. This high temperature magnetism
is attributed to a robust magnetic-polaron phase, which was
also observed in the bulk EuO, but at much lower temper-
ature. Very interestingly, this magnetic phase also induces a
proximity Hall effect in graphene. Developing an easy way
of depositing EuO on graphene, without need of distillation
process in devoted MBE set up, and pushing the magnetism
of EuO up to room temperature, should help circumventing
the main difficulties for exploiting the spin-polarization of
graphene by EuO. The magnetotransport consequences
of such an original phase, and the theoretical understanding of
the spin-polarization properties of proximized graphene, will
require mutual efforts from a wider community of researchers,
and will be explored in forthcoming articles.
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