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Proximity-Mediated Multi-Ferroelectric Coupling in Highly
Strained EuO-Graphene Heterostructures
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Jean-Frangois Dayen,* and David Halley*

2D van der Waals materials and their heterostructures are a fantastic
playground to explore emergent phenomena arising from electronic quantum
hybridization effects. In the last decade, the spin-dependant hybridization
effect pushed this frontier further introducing the magnetic proximity effect as
a promising tool for spintronic applications. Here the uncharted
proximity-controlled magnetoelectric effect in EuO/graphene heterostructure
is unveiled. This is obtained while creating a new multiferroic hybrid
heterostructure with multifunctional properties. Using a topotactic method
magpnetic insulating EuO thin films on graphene is grown under high

pioneer physical phenomena and novel
device applications. In particular, the
combination of magnetic and electric
orders in multiferroic materials is of
the highest interest. These multiferroic
materials,[!! when exhibiting magneto-
electric properties,!?l are being used for
the next generation of spintronic and
memory devices, with additional pos-
sibilities opened by the mutual control
of electric® and magnetic!* properties.

compressive strain, which induces the appearance of an additional
ferroelectric order, with an electric polarization that reaches up to 18 pC cm~
at room temperature. This observation therefore quantitatively confirms the
theoretical predictions made 15 years ago of a strain-induced ferroelectric
state in EuO. Moreover, the EuO induces a magnetic proximity state into the
graphene layer by interfacial hybridization. This new ferroelectric state in the
EuO/graphene heterostructure is stable up to room temperature where it
coexists with the EuO/graphene magnetic state. Furthermore, intertwined
magneto-electric effects are shown in these strained heterostructures which
can facilitate the manipulation of magnetization and electric polarization in

future memory and neuromorphic devices.

1. Introduction

Coupling different functionalities in the same material phase has
attracted a lot of attention in the last decade, paving the way to

On the fundamental side, magnetoelec-
tric materials are fascinating systems driven
by symmetry-breaking mechanisms, Berry
phase physics, and spin-orbit coupling.>~’]
When going at the 2D scale, and be-
cause of their ultimate interfacial coupling
conditions, novel multiferroic coupling ef-
fects are expected.!®] Moreover, novel prop-
erties are expected in the flatland while
taking advantage of the hybridization of
graphene with ferroic materials.>'%) In par-
ticular, theoretical calculations by Ibrahim
et al.'"l unveiled that an intriguing mul-
tiferroic proximity effect can be imprinted
into a graphene layer when it is properly
interfaced with a multiferroic material. The authors exploited this
novel phenomenon further and proposed a new concept of spin-
valve. In such a so-called proximity multiferroic resistance de-
vice, multiple memory states could be encoded into the graphene
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resistance upon switching independently the electric polarization
and/or the magnetization states of the multiferroic material.

On the applied side, the increasing energy consumption of in-
formation and communication technologies such as in neuro-
morphic and logic applications,!'>3] requires new paradigms for
calculating and storing information, in a non-volatile way, with
much more energy-efficient operation. In this context, the cou-
pling of ferroelectricity with spintronic concepts is promising as
it combines the advantages of high endurance, low energy con-
sumption, and fast operability.('*] Moreover, it opens the doors to
new device concepts while playing with the two degrees of free-
dom in memory or logic devices through bias voltage and mag-
netic field.

The number of multiferroic materials, available at room tem-
perature, is nevertheless limited. In order to enlarge the panel of
these materials, strain appears as an efficient tool: the high reach-
able strain in thin layers or nanowires can modulate the proper-
ties of some materials relative to their bulk state and force them
into a multiferroic phase. This strain effect has been extensively
studied in perovskite, in order to bring for instance BiFeO,,!1>1¢]
or EuTiO;!'718] into an exploitable ferroelectric (FE) state. Less at-
tention has been paid to strain in binary oxides — among which
the doping effect in ferroelectric HfO,!*! attracted more inter-
est — but some theoretical papers suggested that a high strain
should favor the appearance of a ferroelectric state in ferromag-
netic rock-salt structures as BaOl?2!l or EuO[?223] which are para-
electric in the unstrained state.[>2* Bousquet et al.l??l demon-
strated, from DFT calculations, that, above a given biaxial strain
threshold (—3% in compression, 4% in tension), EuO should ex-
hibit a large tetragonalization and a non-negligible electric polar-
ization which strongly increases with the strain value. This ef-
fect was indirectly experimentally observed in epitaxial EuO lay-
ers in EuO/BaO stacks under tensive strain(?’! through optical
techniques, but the electric polarization in EuO has not been as-
sessed as far as we know — to the best of our knowledge.

In the present article, we show that the large compressive
strain reached in our EuO/ graphene heterostructures, grown by
an original method, drives EuO into a ferroelectric state, with a
large polarization close to 18 pC cm~2 at room temperature. This
observed ferroelectric state coexists at room temperature with the
magnetic state recently demonstrated in such systems.[?) The co-
existence of these two order parameters, combined with the lat-
eral transport properties of the graphene layer!?”-2%! that are po-
tentially influenced by the proximity of EuO,[?®l makes such a
system appealing for applications, all the more as we also demon-
strate here magneto-electric effects, with a clear influence of the
magnetic field on the electric polarization. The present article fo-
cuses on the properties of EuO layers, influenced by the underly-
ing graphene layer, but we have to keep in mind the potential role
that graphene itself could play as a spin transport medium.[2%30]

2. Strained EuO State

As detailed in the method part, we grow smooth continuous lay-
ers (Figure 1c) of polycrystalline EuO on graphenel?®! through a
topotactic technique based on the reduction of the Eu,O; thin
film by a top Ti capping.®!! Provided that the initial Eu,O, layer
is not thicker than 8 nm, the whole initial layer turns into the
EuO phase. Above this threshold thickness, an 8 nm EuO layer is
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obtained on top of a residual and amorphous not reduced Eu, O,
layer (Figure 1e).?"! For more details and TEM observations, the
reader can go to ref. [26] where the amorphous/crystalline struc-
ture of Eu,0,/Eu is systematically characterized The topotactic
technique turns out to be an excellent way of preparing EuO films
since it does not require delicate epitaxial growth techniques!*233!
that could preclude industrial applications. As expected the EuO
film demonstrates clear ferromagnetic properties with an in-
plane easy axis, as revealed by SQUID measurements (Figure 1a).
In addition, a magnetic state is induced into the graphene by the
proximity effect’**) as indicated by anomalous Hall effect mea-
surements (Figure 1b), and predicted theoretically.[*3¢! For addi-
tional specific information on the magnetic properties of topotac-
tic EuO/Gr heterostructure, the reader can refer to our previous
dedicated work.[2¢]

X-ray diffraction measurements provide information on the
film structure (Figure 1d): Besides a strong Eu,0, (220) peak as-
sociated with clusters positioned in the EuO matrix, below the Ti
layer (which is intense, because all, well oriented, Eu;0, grains
contribute to the Bragg peak), we observe a polycrystalline EuO
layer (with intense (111) and (200) peaks), and no Eu,O; peaks
(as expected for samples thinner than 8 nm). A series of samples
with an increasing thickness of deposited Eu,0; (Figure 1d,f)
shows that EuO on graphene is in a compressive state, that par-
tially relaxes as the thickness is increased: surprisingly, the out-
of-plane lattice parameter does not tend to the bulk value (a
=5.145 A) as the thickness increases, but seems to saturate at a
misfit of 2.7% and 2.1% for (111) and (200) peaks. The shape of
the curves indeed suggests that the relaxation almost ends above
10 nm; this may be related to the fact that Eu, 0O, is not reduced
into EuO if the thickness exceeds 8 nm: above this value, an amor-
phous layer of Eu, O, remains between graphene and EuO which
might freeze the strain relaxation process.

The remaining out-of-plane strain at a thickness of 8 nm
(thickness of the characteristic samples that we will study be-
low) reaches 4.4% and 3.4% for respectively (111) and (200) peaks
(Figure 1f). In order to assess the in-plane biaxial strain, we need
a precise knowledge of the EuO Poisson coefficient v, that was,
to our knowledge, only theoretically evaluated: Bousquet et al.[?2!
predicted, in the case of EuO/BaO system, v in the order of 0.58
in the paraelectric state and 0.33 in the ferroelectric state. In
the paraelectric hypothesis, we would therefore reach between
—2.6% and —2.0% for the compressive biaxial strain. Taking into
consideration the threshold strain values calculated by Bousquet
et al. for the appearance of ferroelectricity (4% in expansion,
—3% in compression) we conclude that the experimental values
of strain are close to them, and even higher for the out-of-plane
strain: We therefore reach the strain regime for which a ferroelec-
tric state should appear.

We have moreover to underline the role played by graphene
in the appearance of this high strain: When deposited onto SiO,,
without graphene (Figure 1f), EuO films exhibit a lower strain
level, especially for thin layers with the out-of-plane strain of
3.6% instead of 5.5% for (111) and of 2.4% instead of 3.9% for
(200)). As will be shown below, this difference in strain is cru-
cial for the appearance of the ferroelectric state at high temper-
ature, which makes graphene an appropriate template also for
mechanical reasons. The different stresses in EuO layers grown
on SiO, or on graphene may have different origins: A difference
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Figure 1. EuO film under compressive strain grown on graphene by a topotactic method. a) SQUID M(H) out-off plane measurement at 10 K. Inset:
SQUID M(H) in plane measurement at 35 K. b) as-measured Ry, (H) transverse resistance at 1.8 K. c) Scanning transmission electron microscopy image
of a cross-section showing the SiO, substrate and the Ti capping layer surrounding a 7 nm thick europium oxide layer with, nanocrystalline EuO with
Eu; O, clusters in the top part. d) X-ray diffraction of a 5 nm thick sample grown on graphene. Inset: EuO (111) Bragg peak measured for different layer
thicknesses, showing a large strain relaxation with increasing thickness. The thickness of the EuO layer does not show an influence on the width of Bragg
peaks (which should however not modify the estimation of the strain from the Bragg angle). e) Cross section of a 15 nm thick layer showing crystalline
EuO including Eu; O, clusters in the top part, and below, amorphous Eu,05. f) Lattice strain relative to bulk EuO, obtained from (200) and (111) Bragg
peaks as a function of thickness for samples grown on graphene (Gr) or directly on SiO,. The asymptotic strain values on graphene are indicated (dotted
lines).

in the microstructure (roughness, defects, etc.) in Eu,0, grown
on graphene could induce a difference during the crystallization
of EuO from the top interface. Alternatively, the different thermal
expansion coefficients in graphene and SiO, (respectively —8 x
107¢ K~1 and 5.5 x 107> K1) 3738 may lead to differences in the
residual strain after the annealing step.

We now move on to investigate the electrical signatures of
the strained EuO/Gr heterostructure while performing careful
temperature-dependent vertical transport measurements.

3. Ferroelectric EuO State

The temperature-dependent study of the capacitance signal re-
veals the apparition of a clear transition mechanism to another
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polar state below T, = 37 K. This transition is also confirmed by
a classical peak in the dielectric loss testifying for dipoles rear-
rangement into a more thermodynamically favorable configura-
tion (Figure 2b (inset)). In order to investigate further the mech-
anism at play and identify the electric phases of the material, the
DC-voltage-dependent behavior C(V) is investigated on each side
of the transition, revealing striking distinct electrical phases:

e Below T, (Figure 2c), the C(V) trace is characteristic of a tran-
sition from an anti-ferroelectric (AFE) statel*"! at low voltage to
a ferroelectric state at higher voltage for both voltage polarities:
the capacitance increases smoothly with increasing Vand does
not exhibit a hysteresis at low voltage; above (below) a given
threshold close to +15 V resp. —15 V), C increases rapidly with
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Figure 2. Ferroelectric transition on strained EuO/graphene heterostructures: Capacitive measurements at low temperature on a 7 nm thick EuO film
grown on graphene. The measurement frequency is 3.10° Hz. a) Scheme of the devices. b) C(T) curve and dielectric loss (inset) measured at V = 0
with a 50 mV AC voltage, showing a transition around T; = 37 K (taken at the inflection point). c) C(V) curve at 10 K with a transition from an AFE to a
FE state. d) C(V) curve at 60 K showing an FE state. e,f) Electric charge corresponding to the integrated hysteresis of the capacitance as a function of

voltage in (c) and (d).

V and an anticlockwise (resp. clockwise) hysteretic loop opens
on the positive (resp. negative) side. The polarized hystereses
are clear signatures that the oxide turned into a ferroelectric
state; Consistently, for higher voltages exceeding the coercive
voltage, C remains constant, and the loop closes as the polar-
ization saturates

® Above T, (Figure 2d) a unique anticlockwise C(V) hysteresis
loop is observed. It expands around V = 0 V on each polarity
side and closes around V = +30 V beyond which C saturates.
This proves a ferroelectric behavior with slightly asymmetric
coercive electric fields.

Regarding now the high-temperature range, we measured the
C(T) curve shown in Figure 3a, performed on a similar 7 nm
thick sample, up to 300 K (and even up to 380 K see Figure S1,
Supporting Information). This C(T) curve confirms the AFE-FE
transition near T, = 37 K, above which the capacitance of EuO in
the ferroelectric state slowly increases and then follows a plateau
with a very slight maximum near 220 K. In the high-temperature
range, the shape of the hysteretic C(V) curves shows a dip close
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to low voltage range indicating the cross of the charge neutral-
ity point (The reader can also see Figure S4b (Supporting Infor-
mation) in which the Dirac point in graphene below EuO is evi-
denced through transconductance measurements, showing a de-
crease of the lateral current — and thus of the electric charge at
the graphene/EuO interface around the neutrality point). Then,
above a threshold in the order of V=—-10Vand V= +10V, the
hysteresis closes and C follows a saturated linear behavior with
V. The plot of the hysteresis value, integrated as a function of
voltage, (Figure 3e and also Figure S2c, Supporting Information)
follows the usual voltage-dependent behavior of a ferroelectric
polarization switch, between clear saturation states. Moreover,
G(V) curves (the leakage through the EuO layer) exhibit a simi-
lar hysteretic behavior (Figure 3d,f; Figure S2a, Supporting Infor-
mation) closely related to the hysteresis observed on C(V) plots:
this analogy pleads for an electro-resistive effect!***!] and is again
related to the switch of the ferroelectric polarization in the poly-
crystalline EuO layer.

Furthermore, piezoresponse force microscopy (PFM)
(Figure 3b) shows the response of a similar 7 nm thick EuO
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Figure 3. a) PFM observation (amplitude and phase) showing a full reversal of the out-of-plane deformation of EuO as a function of the applied bias
voltage (which precludes writing of domains of opposite signs). b) C(V) curve showing an FE state. Orange curve: minor loop from —10 V to +10 V.
c) G(V) curve measured through the EuO layer. d) Charge corresponding to the integrated hysteresis of the red curve in (b). ) Current corresponding

to the integrated hysteresis of the curve in (c).

sample that reveals a hysteresis behavior typical for polarization
switching and is consistent with our C(V) observations of a
ferroelectric state. In the phase loop, we observe a relative shift
of 180° indicating the full reversal of the out-of-plane response
with the applied voltage. This is in support of a polarization
aligned parallel to the applied electric field. The whole hysteresis
loop is shifted toward positive voltage values by ~1 V, which
indicates a built-in electric field oriented upward inside the EuO
film.

Quantitative estimations of the ferroelectric polarization at
room temperature are obtained from the capacitance measure-
ments: For 7 nm thick EuO samples and 20 ym diameter junc-
tions, from the integration of the hysteretic part of C relative
to the voltage V (Figure 3e; Figure S2¢, Supporting Informa-
tion) we assess a minimum value of P (considering only the hys-
teretic contribution) which is ~18 pC cm=2. This value shows a re-
markable match with the predictions of Bousquet et al.l?2]: Thus,
according to these calculations, a ferroelectric polarization of

Adv. Mater. 2025, 37, 2417669 2417669 (5 of 9)

18 uC cm=2 would be reached for a compressive strain of -4%,
and an extensive strain slightly above 5%. This last value is in
consistent agreement with the out-of-plain strain measured on
our film (see X-ray diffraction measurements in Figure 1d).

Observations made on thicker EuO layers (Figure S3, Sup-
porting Information), with a more relaxed biaxial strain, show
that the electric polarization is reduced in such samples and
that the Curie ferroelectric transition is pushed down to
~180 K: this again confirms the predictions of Bousquet et al. of
a strain-induced ferroelectric state in our thin EuO layers, with
a clear correlation between thickness, strain and ferroelectric
polarization.

We moreover show in Figure S4 (Supporting Information) that
the observed ferroelectric polarization in EuO can noticeably in-
fluence the lateral electronic transport in graphene (atleast at low
temperature), with typical transconductance loops (Figure S4b,
Supporting Information) that are supplementary proofs of the
strain-induced ferroelectric state in EuO.
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Figure 4. a) C(T) curves measured around V=0V on a 7 nm thick sample under different out-of-plane magnetic fields B. b) Transition temperature T,
(blue curve, right) as a function of B, and Anomalous Hall Effect Resistance (red curve, left) measured at 40 K showing the slowly saturating magnetization
behavior. The scales are chosen to highlight the similar dependency on B of both quantities. c—e) Influence of B on C(V) curves: (c) and (d) C(V) curves
measured below T, and (e) above Ty, for different magnetic fields. The asymmetry of the loops shifted to positive voltages and centered ~+15 V, is
consistent with PFM observations and reflects the asymmetry of the electrodes (graphene at the bottom and Ti at the top) on both sides of EuO. f) C(B)
curves at different temperatures, with a large amplitude bell-shaped peak for T=T;.

4. Magneto-Electric Effect in EuO

We demonstrated above the presence of ferroelectric polarization
in EuO up to room temperature. It is remarkable as such a system
is also magnetic above room temperature. For more details con-
cerning the magnetic characterization of our EuO layers (from 2K
to 380 K), the reader can see in [Pandey. et al. [2°]]). We have to in-
vestigate the possibility of magneto-electric effects that are mostly
expected in such multiferroic systems.['*2! If magneto-electric ef-
fects are present, this coupling between M and P, should make
that an applied magnetic field B would not only influence the
direction of M, but, as a consequence, the direction of P. A mag-
netoelectric effect was analytically predicted by Eliseev et al.[2043]
in EuO-like oxides, when submitted to huge stress that could be
reached in nanotubes or nanospheres, but no experimental con-
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firmation of a magneto-electric effect in EuO was nevertheless
reported in the literature up to now if we do not consider the ex-
trinsic effect that was shown by Cao et al. in hybrid BaTiO,/EuO
structures.[*]

This influence of a magnetic field on the electric polarization
behavior is clearly observed in Figure 4: When applying an out-
of-plane magnetic field, the AFE-FE transition temperature T,
is pushed to higher values. The plot of T, (B) (Figure 4b) illus-
trates this effect: the dependency is not linear, but reminds the
shape of M(B) curves obtained on such samples.?°/ We observe
that T, (B) follows exactly the anomalous Hall effect at 40 K (i.e.,
close to T)), which is proportional to the out-of-plane magnetiza-
tion value. This pinpoints that P interacts with M and not directly
with B: at high B values the out-of-plane magnetization tends to
saturate, and the influence of B on P as well.
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Another illustration of the magneto-electric effect is shown in
Figure 4c—e: The shape of the C(V) curves is only slightly modi-
fied under a magnetic field, far away from the T, transition tem-
perature but strongly modified around T, with a systematic in-
crease of the hysteresis (Figure 4d). This magneto-electric effect
is confirmed (Figure 4f) by C(B) curves: at low temperatures, the
effect of B is negligible, whereas the effect becomes large in the
vicinity of the transition temperature T, with a nearly symmetric
Dbell-shape decrease of Cwith B. Above Tj, the effect of a magnetic
field is much weaker, but we still observe a decrease of C with B
up to at least 120 K.

These observations show that, due to the magneto-electric
(M.E.) coupling, applying a magnetic field partially aligns some
magnetic dipoles and therefore freezes some of the coupled elec-
tric dipoles in EuO, which can then no longer contribute to the
layer capacitance. This M.E. effect is enhanced close to T; where
fluctuations in the AFE state might allow small areas of FE do-
mains to appear, that are more sensitive to the magneto-electric
influence due to their low size.

The sign of the magneto-electric coupling is a priori not
known; P could for instance be favored along M or perpendic-
ular to it. Nevertheless, we have to notice that the application of a
magnetic field out of plane contributes to stabilizing the electric
polarization out-of-plane: indeed, the voltage-dependent hystere-
sis increases upon applying B (Figure 4d), proving an increased
barrier energy for the polarization reversal. Consequently, we can
conclude that the M.E effect might tend to favor the parallel ori-
entation of P and M.

5. Conclusion

We showed that the biaxial strain in EuO thin layers grown
on graphene is high enough to reach the elusive strain
threshold calculated by Bousquet et al.[?2] above which EuO
turns into a tetragonal, ferroelectric phase: the ferroelectric
polarization in 7 nm thick films is preserved up to room
temperature as demonstrated by transport and PFM analy-
sis, where it reaches at least 18 pC cm™. Detailed trans-
port analysis revealed additional intriguing anti-ferroelectric
to ferroelectric phase transition at low temperatures. More-
over, magnetoelectric coupling effects were investigated and
revealed to be amplified close to the AFE-FE transition
temperature.

In such thin films, the coexistence at room temperature of the
strong ferroelectric polarization and of a large magnetization, as
well as the magnetic and electric proximity effects induced in
graphene by those EuO states makes this system extremely in-
teresting for device applications combining charge and spin such
as Magneto-Electric Spin—Orbit logics. These results motivate ex-
ploring further the potential of van der Waals hybrids for the en-
gineering of complex multifunctional materials taking advantage
of quantum hybridization effects for spintronics and ferroelectric
applications.

6. Experimental Section

Growth and Magnetic Properties: The sample growths were performed
on commercially available substrates (Graphenea) made of a monolayer
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chemical vapor deposition (CVD) graphene transferred on SiO,/Si sub-
strate. The samples were out-gassed in an ultra-high vacuum for two hours
at 400 °Cin a 109 mBar base pressure in order to get rid of surface con-
tamination such as polymer residues from the CVD transfer process.[**]
The deposition of Eu, O was made at room temperature using an e-beam
evaporation gun in a molecular beam epitaxy (MBE) chamber, controlled
by a quartz microbalance. After deposition, the samples were heated to
450 °C and capped in situ by a 2.5 nm thick titanium layer (Figure 1a,b).31]
The samples were left 40" at 450 °C after Ti deposition in order to promote
the reduction process by titanium of Eu,O; into EuO.

It was shown recently, using this original growth technique that in
such heterostructures the EuO magnetic behavior relative to bulk, un-
strained EuO, which is ferromagnetic up to T = 69 K and paramag-
netic abovel*648] was modified: Indeed, it was shown[?®] that a super-
paramagnetic state, due to magnetic polarons*®=1 in strained EuO on
graphene, survives above T up to 350 K and induced anomalous Hall
effect in graphene due to spin proximity effects.[>?]

Process of Devices: Vertical junction cross-bar arrays were fabricated
for capacitance measurements with a typical junction diameter of tens of
micrometers made of the graphene/EuO/Au vertical stack. The bottom
graphene electrodes were fabricated by combining standard laser lithog-
raphy techniques and graphene etching by oxygen plasma.l>3>4] After this
step, EuO films are grown on top of the patterned graphene stripes using
an e-beam gun via the topotactic technique as described previously. The
top gold electrodes were designed by laser lithography followed by a lift-off
process (Figure 2a).

Measurements on capacitance devices made of a 7 nm thick EuO layer
show relatively high resistance in the order of 10 to 40 kQ (see Figure
S3a, Supporting Information for conductance values). This enables us to
perform precise AC measurements of the capacitance signature of the EuO
spacer (Figure 2a). A background capacitance value in the order of 100 pF
adds to the capacitive signal and is superposed in devices without EuO
layers.

Piezoresponse Force Microscopy (PFM):  PFM measurements were per-
formed at room temperature with a Bruker Icon system, using Pt/Cr-
coated silicon tips (Multi75E, BudgetSensors) operated 15 kHz below
the contact resonance frequency (~330 kHz). The applied AC voltage was
1.5V for all measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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