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Proximity effects allow for the adjustment of magnetic properties in a physically elegant way. If
two thin ferromagnetic (FM) films are brought into contact, electronic coupling alters their magnetic
exchange interaction at their interface. For a low-T¢ rare-earth FM coupled to a 3d transition metal
FM, even room temperature magnetism is within reach. In addition, magnetic proximity coupling is
particularly promising for increasing the magnetic order of metastable materials such as europium
monoxide (EuO) beyond their bulk T¢, since neither the stoichiometry nor the insulating properties
are modified.

We investigate the magnetic proximity effect at Fe/EuO and Co/EuO interfaces using hard X-ray
photoelectron spectroscopy. By exciting the FM layers with circularly polarized light, magnetic
dichroism is observed in angular dependence on the photoemission geometry. In this way, the
depth-dependence of the magnetic signal is determined element-specifically for the EuO and 3d FM
parts of the bilayers. In connection with atomistic spin dynamics simulations, the thickness of EuO
layer is found to be crucial, indicating that the observed antiferromagnetic proximity coupling is a
short-ranged and genuine interface phenomenon. This fact turns the bilayer into a strong synthetic
ferrimagnet. The increase in magnetic order in EuO occurs in a finite spatial range and is therefore
particularly strong in the 2D limit—a counterintuitive but very useful phenomenon for spin-based

device applications.

I. INTRODUCTION

Controlling the spin degree of freedom is a key as-
pect for emerging quantum information technologies [1].
Taking advantage of quantum phenomena, such as
spin-dependent tunneling [2, 3], spin-Hall magneto-
resistance [4], confined quantum wells [5] or two-
dimensional electron systems [6], ferromagnetic semicon-
ductors are ideally suited templates for controlling and
creating spin-polarized states. Unfortunately, these ma-
terials, such as the Europium monochalcogenides, suffer
from notoriously low Curie temperatures of To= 69 K for
EuO or even lower for EuS and EuSe [7, 8]. Therefore,
the search for ways to adjust their magnetic ordering tem-
perature attracted attention already decades ago [9-12].
While chemical doping obviously has a detrimental ef-
fect on the desired semiconductivity, proximity effects at
the interface between two ferromagnets with higher and
lower values of T¢) prove to be a promising approach for
enhancing magnetic order in the low-T¢ material [11, 13—
17].

Interfaces of 3d ferromagnets with EuO and its parent
compound EuS have been investigated in several previ-
ous studies: In 1969, Ahn and Almasi reported already
an antiferromagnetic (AFM) type coupling between Fe
and EuO [18], and recently AFM coupling was demon-
strated in the transient magnetization in Co/EuO bilay-
ers [19]. Later, several studies addressed the enhance-
ment of magnetic order of EuS when it is interfaced
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with Fe, Ni or Co [11, 13-16, 20]. While AFM coupling
was reported in all cases, the enhancement of magnetic
order was shown to be the more effective, the thinner
the EuS is, suggesting that the enhancement of mag-
netic order is a localized effect. Compared to other, not
even related material systems, a depth dependence, i. e.
limited range, of the magnetic proximity effect was hy-
pothesised to be the cause for these observations [21].
To date, however, neither the microscopic details of the
proximity effect itself nor the thickness dependence of
the enhancement of magnetic order are known. For a
better optimization of proximity-enhanced magnetic or-
der, the investigation of the depth dependence of the
magnetic ordering within these bilayers is therefore of
crucial importance. In the present work, we study the
depth-dependent magnetic moment of 3d FM/EuO bi-
layers using an approach based on hard X-ray photoelec-
tron spectroscopy (HAXPES) [22]. In the following, we
will refer to it as hard X-ray magnetic depth profiling
(HAX-MDP). HAX-MDP unites three features of pho-
toelectron spectroscopy, i) element selectivity, ii) sensi-
tivity to magnetism due to magnetic circular dichroism
in photoemission (XMCD-PE), and iii) bulk sensitivity
in case hard X-rays are used, i. e. HAXPES. It is there-
fore an ideal tool for studying magnetic order at and near
buried interfaces.

Applying HAX-MDP to 3d FM/EuO bilayers reveals
insights into the nature of the magnetic proximity effect
at the interface. Furthermore, we use atomistic spin dy-
namics simulations to study the depth-dependence of the
proximity effect from a theoretical perspective. Compar-
ing measurements with simulations we can show, that
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the strength of this proximity-induced interface magne-
tization depends not only on temperature but also on the
thickness of the EuO layer. We can demonstrate, that, in
the very thin limit of quasi-2D EuO layers, the interface
magnetic order of EuO will survive for temperatures up
to room temperature. Furthermore, the antiferromag-
netic interface coupling in connection with the proximity
effect converts our bilayers into a synthetic ferrimagnets
with a compensation temperature which is, surprisingly,
above the Curie temperature of pure bulk EuO.

II. METHODS
A. Sample preparation

We prepared Fe/EuO and Co/EuO heterostructures
as well as EuO reference samples on TiOs terminated
SrTiO3:Nb substrates (Crystec GmbH) using molecu-
lar beam epitaxy (MBE). The base pressure of the
oxide MBE system (at University of Konstanz) was
puBE < 2 X 10719 mbar. Prior to EuO growth, the sub-
strates were annealed for 2h at Ts = 600°C in an oxy-
gen atmosphere. For EuO synthesis, we made use of
the redox growth process as described elsewhere [23, 24].
Here, the sample temperature was Tg = 500°C. Eu
metal was evaporated from a Knudsen cell with a rate
of rg, = 0.13 A/s which was measured using a quartz
crystal micro balance. The desired EuO thicknesses were
3nm and 11 nm.

The EuO stoichiometry was subsequently confirmed by
in situ X-ray photoelectron spectroscopy (XPS).
Afterwards, we deposited the Fe (Co) overlayers of a
thickness of 4 nm using e-beam evaporation at Ts =RT
with rates of rpe,co &~ 0.08 A/s.

Samples were then stored and transferred to the
HAXPES spectroscopy instrument of beamline P22 at
PETRA III (DESY, Hamburg) inside an ultra-high vac-
uum suitcase at a pressure of psc < 3 x 107! mbar.
At P22, the suitcase was attached to the end station’s
load lock, enabling a full in vacuo sample handling from
preparation to measurement.

B. Setup

HAXPES measurements were performed using the
endstation of beamline P22 at PETRA IIT (DESY, Ham-
burg) [25]. The setup provides a 90° angle between pho-
ton beam direction and the SPECS Phoibos 225 hemi-
spherical electron analyzer, see Fig. 1. The photon en-
ergy was set to 6keV, while the most strongly bound
electrons under investigation (Eu 3d core level) have a
binding energy Ep < 1.2keV. Therefore, a significant
depth sensitivity is guaranteed due to the effective at-
tenuation length (EAL) of ~ 6.1nm in EuO and 4.9 nm
(5.2nm) in the Co (Fe) overlayer [26, 27]. In order to

obtain a magnetic circular dichroism, the light helicity
was switched between o and o~ using a phase retarder.
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FIG. 1. Sketch of the experimental setup for magnetic depth
profiling by HAX-MDP. Photoelectrons are detected under an
angle of 90° relative to the photon beam incidence. The in-
plane magnetized sample is tilted by a polar angle O, yielding
the depth dependence of the XMCD in photoemission and the
scaling of its sensitivity on M.

C. Hard X-ray magnetic depth profiling

We investigated the element specific magnetism of the
EuO film and the 3d FM overlayer by means of X-ray
magnetic circular dichroism (XMCD) in photoemission
(PE), i.e. XMCD-PE. The general mechanism has
been described in literature and has been validated for
Eu(O) [28, 29]. The XMCD-PE is calculated as follows:
First, a constant background was subtracted from the
spectra recorded for the two light helicities ¢ and o~
respectively. Next, both spectra were normalized to their
respective integrals. The XMCD-PE was then calculated
using

IT(E) -1 (E)
max[[*(E) + 1~ (E)]

XMCD-PE(E) = 100% x (1)

In order to reduce noise effects leading to an over-
estimated XMCD-PE, a three point adjacent average
smoothing was applied. The given absolute values of the
(smoothed) XMCD-PE were finally obtained by taking
the difference between its maximum and minimum, i.e.
twice the amplitude.

We measured the XMCD-PE signal under various po-
lar (emission) angles © as sketched in Fig. 1. That
way, the M-component parallel to the incident photon
beam direction is probed. Hence, for a purely in-plane
magnetized sample, the obtained XMCD-PE scales with
cos (©), while an out-of-plane component of M results
in a contribution scaling with sin (©). Considering the



energy dependent attenuation length of photoelectrons
inside a solid, a cos (0)-scaling also applies to the effec-
tive information depth. This enables depth profiling of
the element specific magnetic moment. Here, we apply
HAX-MDP to gain insights into the magnetic proximity
effect at buried 3d FM/EuO interfaces.
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FIG. 2. Overview of the different samples used in this study.
For both EuO film thicknesses, 3nm and 11nm, there were
reference samples without metal overlayer and samples with
a 4nm Fe capping. Co as capping material was studied on
thin EuO only.

D. Theoretical modeling

For a deeper understanding of the mechanisms which
are responsible for the proximity effect as seen in the
experiments we employ atomistic spin dynamics simula-
tions. In this approach, the total atomic magnetic mo-
ment at each lattice site 7 is pus; = ps,:S;, where S; is
a unit vector defining the direction of the magnetic mo-
ment. The whole bilayer is described via a Hamiltonian
of Heisenberg type,
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where, J; 1 is the exchange tensor which includes both,
the exchange interaction (restricted to nearest neighbors
(NN) where, Jgyo = 1.8797 meV, Jp, = 43.7457 meV
and Je, = 33.336 meV) and the shape anisotropy. The
latter is modeled as an effective two-ion anisotropy with
the z axis as hard axis, favoring the x-y-plane as easy
plane. d;4 is the cubic anisotropy which, along with
the shape anisotropy, defines the energetically favored
ground state of the spins. Bext is the external magnetic
field which is applied to align the magnetization along
z-direction before increasing the temperature, similar to
the experiments.

[S7 7584 ]

EuO grows in a rock-salt structure but since we model
just the magnetic ions, we focus solely on the Eut? ions
which are arranged on an FCC lattice, with a result-
ing cubic anisotropy having a value of —9.3 x 1072 meV
[30]. The cubic anisotropy being negative prefers the
body diagonal direction, and competes with the shape
anisotropy which prefers in-plane alignment. The shape
anisotropy for these films is comparable due to the thin-
film structure and the very high magnetic moment of
EuO of = 6.99up per atom. Over all, this results in a
preferential easy-plane alignment of the spins. The Fe
and Co layers are modelled in an BCC and FCC struc-
ture, respectively. In the experiments, however, the tran-
sition metals that are deposited on top of EuO are amor-
phous and the cubic anisotropy in those materials is prac-
tically zero. Their alignment is defined by the material
with stronger magnetic moment, i.e., EuO or by the ini-
tially applied strong magnetic field that aligns the spins
towards or opposite to the direction of the magnetic field.

To get the time-evolution of spins we use the stochastic
Landau-Lifshitz-Gilbert equation [31] as the equation of
motion,

98; _ g

5 *m[sj x Hj + aS; x (S; x Hy)], (3)

where, v > 0 is the gyromagnetic ratio, and « the Gilbert
damping constant [31]. The first term on the right de-
scribes the precession of the spins around the effective
field, H; and the second term describes how the spins
relax towards the direction of the effective field. Hj can
be expressed as

OM;

H. = 24
i 798,

where ¢; is a Gaussian white noise with
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J
This noise describes thermal fluctuations of the spin sys-
tem due to the coupling to a heat bath, which is at tem-
perature kgT. The noise is uncorrelated in space and
time and 8 and ¢ € {z,y,z}. These differential equa-
tions are then solved using the stochastic Heun’s method
using a code developed in C++ and CUDA which al-
lows us to run the simulations in graphical processing
units for faster computation. The simulated system size
is 128 x 128 x 16 unit cells. This then scales with the
number of atoms per unit cell depending on the lattice
structure of the samples leading to about 10° spins. The
simulations are performed using the HPC cluster SCCKN
of the University of Konstanz.

III. RESULTS

Based on the XMCD-PE of the 3ds,, core level
of Eu and 2p core level of the 3d FMs, we present
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FIG. 3. Strong XMCD-PEpecas obtained under different polar angles © at Tiow from (a) a bare 11 nm EuO film and (b) an 11 nm
EuO film with a 4nm Fe overlayer. As expected for the in-plane magnetized sample, for both Eu and Fe, the XMCD-PEneas

decreases with increasing ©.

HAX-MDP data of four samples: (i) an 11 nm thick bare
EuO film, (ii) an 11nm thick EuO film with a 4nm Fe
overlayer, (iii) a 3nm thin EuO film with 4nm Fe over-
layer and (iv) a 3nm thin EuO film with a 4 nm Co over-
layer. For comparison, also the XMCD-PE of a bare 3 nm
EuO film was recorded in (close to) normal emission (NE)
geometry. Sketches of the samples are shown in Fig. 2.
Data were recorded at the lowest experimentally achiev-
able temperature, Tiow =~ 40K, i.e. well below the bulk
Curie temperature of EuO (T = 69K) and at Thigh =
80K > T¢. After cooling down a sample mounted to
the cryostat of the sample manipulator and prior to the
measurements, the sample was magnetized in-plane by
approaching a permanent magnet. The magnet was sub-
sequently removed and measurements took place with the
sample in the remanent state. Measurements were car-
ried out under four polar angles, ©® = 7°, 26°, 37° and
45°.

A. XMCD-PE in normal photoemission geometry

We first discuss the XMCD-PE of the samples recorded
in NE and at Tiow, where we initially assume the magne-
tization to be in-plane and along the axis of the magnetic
field applied to magnetize the samples. Note that mea-
surements were performed slightly off NE. Therefore, the
XMCD-PE values given below are corrected by dividing
by cos (©) and plotted together with the angle depen-
dent data in Figs. 3 and 4. To the uncorrected values,
we will in the following refer as XMCD-PE ¢.5. All sam-
ples exhibit a strong Eu-related XMCD-PE. For the two
bare EuO films, it is noteworthy that the absolute value
of the thicker film is about 1.5 times larger than that of
the thinner film (59.7% vs. 41.5%), indicating a reduced

magnetic interaction in the thin film. This might be at-
tributed to size effects, i.e. under-coordination.
When interfaced with 4nm Fe, the 11 nm EuO film ex-
hibits an Eu-related XMCD-PE of the same sign as ob-
tained for bare EuO. For later discussion, we note that
the absolute value (52.8%) is slightly reduced compared
to bare EuO. Not surprisingly, also a strong Fe-related
XMCD-PE is present.
The results change completely for the XMCD-PE ob-
tained from the thin EuO film with a 4 nm Fe overlayer:
Also here, a strong XMCD-PE related to both Eu and Fe
is present, but their signs are inverted compared to the
sample with the thick EuO film. From this observation
we can draw the following conclusions: i) The magne-
tizations of the two magnetic layers are anti-parallelly
aligned, i.e. there is a magnetic coupling between the
EuO and Fe layers and it is of AFM nature. ii) In the
sample with the thin EuO film, the Fe layer is dominant
and dictates the magnetization direction of EuO, while
roles are reversed in the sample with the thick EuO film.
Taking into account the absolute values of the
XMCD-PE, we find that the Eu-related signal (18.9%)
is reduced by a factor of about 2 compared to the bare
EuO reference. This is a much stronger reduction than
for the thick EuO films. Probably, the reduced Eu-
related XMCD-PE is the consequence of two competing
effects: the intrinsic tendency of EuO to align with the
applied field against the AFM coupling with the domi-
nant Fe overlayer. Possibly, this competition also causes
the slight reduction of the EuO magnetization with re-
spect to the reference sample in the case of thick EuO for
which the interface effect is smaller compared to the bulk
signal. The absolute value of the Fe-related XMCD-PE is
larger for the sample with thin EuO (41.3%) compared to
thick EuO (35.3%). This could also be explained within
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FIG. 4. Angle dependent XMCD-PEeas of the Eu 3ds5 /2 and Co (Fe) 2p core levels obtained from 3nm thin EuO films capped
with 4nm of Co, (a), (c), and Fe, (b), (d) at Tiow, (a), (b), and Thign, (c), (d). The dashed line in (a) is the reference signal of
a bare 3nm thin film of EuO in NE (© = 3°). Note that for the sake of visibility the scaling of the y-axes varies. The grayish
area serves as a guide to the eye, indicating the XMCD-PE,eas range from —3 to +3. For all samples, angles and temperature,
a non-zero XMCD-PEycas of Eu is observed. Obviously, interfacing a thin EuO film with Co or Fe switches the magnetization
direction with respect to the bare EuO film. At Tiow the XMCD-PEneas of Eu is larger for the film interfaced with Co than
with Fe. The amplitudes of all XMCD-PEneas decrease with increasing ©.

the picture of competing effects, where for thin EuO, Fe
is magnetized in the direction of the external field, while
for thick EuO the remanent state of Fe is caused by the
AFM proximity coupling, which is, however, too weak to
push the Fe layer up to its intrinsic remanent magneti-
zation.

For thin EuO interfaced with 4nm Co instead of Fe,
we observe clear Eu and Co related XMCD-PE signals.
Again, the Eu-related XMCD-PE is inverted with respect
to the bare EuO reference, indicating AFM coupling of
the layers also for this sample. Interestingly, the absolute
value related to Eu (40.6%) is matching the bare EuO ref-
erence. From this, we conclude that Co compared to Fe
is the more dominant partner for EuO. A possible expla-
nation will be discussed below.

Increasing the temperature to Thigh ~ 80K, the Eu-
related signal for thick EuO interfaced with Fe is weak
and hardly distinguishable from noise (as discussed

later), while for the thin EuO films interfaced with both
Fe or Co we observe a reduced but clear Eu-related
XMCD-PE (Fe/EuO: 3.1%, Co/EuO: 3.9%). Hence, the
values for both samples are similar at T}jgn which is sur-
prising because at Tiow they differ by a factor of larger
than two. The smaller relative decrease with temper-
ature for Fe/EuO allows for the assumption that the
proximity effect more effectively tunes the EuO mag-
netism at the Fe/EuO interface than at the Co/EuO in-
terface. This could also explain the observation of Fe
being the less dominant partner for EuO than Co (see
above): If the EuO magnetism is more efficiently tuned
by Fe, EuO more strongly competes Fe while being mag-
netized. Hence, in the remanent state a reduced magne-
tization of the EuO layer remains. On the other hand,
due to the efficient tuning, the magnetization of EuO re-
mains more robust against the increase of temperature
to j}ngh.



In summary, our XMCD-PE data recorded in nor-
mal emission confirm that the proximity effect at the
3d FM/EuO interface can enhance the magnetic order
in EuO. An enhancement occurring only in the thinner
EuO films would suggest that interfaced EuO films even
thinner than those studied in this work may have a mag-
netic order at T > RT, in line with an earlier study [15].
Fe seems to tune the magnetism of EuO more efficiently
than Co.

B. HAX-MDP of 3d FM/EuO interfaces

The XMCD-PE,,;cas oObtained under the four polar an-
gles © from the bare and Fe-covered 11nm EuO film
at Tow are shown in Fig. 3. The respective plots refer-
ring to the samples with a 3nm thin EuO film at both
Tiow and Tijgn are shown in Fig. 4. The absolute value
of the XMCD-PEcas of both Eu and 3d FM decreases
with increasing © as expected for homogeneously mag-
netized films with M being oriented in-plane, as depicted
in Fig. 1. Due to the reduced photoemission intensity in
off-NE geometry, the smaller O, the larger the signal-to-
noise ratio (SNR). This effect was partially compensated
by increasing the integration time for larger angles, espe-
cially for the energy range around the Eu 3d5 /5 core level
as this is most relevant for the Eu-related XMCD-PE.

For analyzing the depth dependent magnetic order, all
XMCD-PEycqs values are divided by cos () to correct
for the deviation from a parallel alignment of beam direc-
tion and M. The cos (0) dependence of XMCD-PE;,cas
can be clearly seen in Fig. 5 (b). For each sample and
temperature, we calculate relative XMCD-PEs as,

4 x XMCD-PE(©)

XMCD-PE,c(0) = 100% x S~ XMCDPE()) (6)

and plot them as a function of ©, Figs. 5 (a), (d), (e). For
the samples with 11 nm EuO at T}y, there is no © de-
pendence and all values scatter within 6% around the
average, Fig. 5 (a). This also holds for the 3nm EuO
films with Fe and Co overlayer, Fig. 5 (d). However, a
trend indicating an increasing Eu-related XMCD-PE,
with increasing © could be identified for the Fe-covered
EuO film. This would reflect a larger degree of magnetic
order of EuO in the vicinity of the Fe/EuO interface.
Note that a non-zero out-of-plane component of the EuO
magnetization could also contribute to the observed an-
gle dependence. Clear evidence for a strong depth de-
pendence of the magnetic proximity effect on EuO arises
from the data of the thin interfaced EuO films at Thgp,
see Fig. 5 (e). The Eu-related XMCD-PE, of both sam-
ples drastically increases with increasing ©. This finding
suggests: The proximity-enhanced magnetic order is a
pure interface effect of limited range — and as such a new
finding for magnetic proximity effects at 3d FM/EuO in-
terfaces.

The © dependence is stronger for the Fe capped film as

compared to the Co capped. This supports the assump-
tion that there could be a © dependence of the Eu-related
XMCD-PE,q at Tiow at the Fe/EuO interface.

At Thign, there also appears to be a small but non-zero
increase of both the Fe and Co related XMCD-PE,; with
increasing ©. This would be the result of a reduced
in-plane magnetization of the 3d FM overlayers in the
vicinity of the 3d FM/EuO interface or of a small but
non-zero out-of-plane component of M. For the 11nm
EuO film interfaced with Fe at Tyin and © = 7°, we
observe the signal shown in blue in Fig. 6. From a bare
data, a signal beyond noise can hardly be identified. We
plotted the measured signal together with a scaled one
obtained from a measurement at Tioy (orange in Fig. 6).
The scaled signal reflects the expected energy dependence
of XMCD-PEeas- Comparison of the signal obtained
at Thign and the expected one suggests that also in the
11 nm thick EuO film with Fe overlayer there might be a
non-vanishing interfacial magnetic order above the bulk
Tc of EuO. However, a clear statement can not be made
and measurements with higher integration time, i.e. bet-
ter statistics, are required. Analysis of the XMCD-PE
at © = 45° is already hampered by the low SNR of the
bare spectra. Absence of persisting interfacial magnetic
ordering would imply that the proximity effect is not only
depth but also thickness dependent.

C. Atomistic spin dynamics

From our simulations we obtain the time evolution of
the magnetization of our model, which - via a time av-
erage - turns into a thermal equilibrium magnetization.
The magnetization can be split into different contribu-
tions, from the EuO, the Fe but also that from the inter-
face monolayer of the EuO using the following temporal
average:

m;(T) = pp,; (|S; (¢, T))) (7)

Varying the temperature we extract the magnetization
curve as shown in Figure 7. Here we compare simu-
lations of a 3nm pure EuO thin film with a bilayer of
EuO(3nm)/Fe(4nm). The magnetization of the latter is
further split into its above mentioned parts. Interest-
ingly, only the pure EuO film shows a clear phase transi-
tion with a Curie temperature of about 69 K, as expected.
In the bilayer, the magnetization of EuO remains always
finite in the shown temperature regime, indicating the
surpression of the phase transition. This is due to the fact
that the interface monolayer of the EuO remains always
magnetized because of its exchange coupling to the Fe
layer with much higher Curie temperature (not shown).
In a thin EuO layer, the average magnetization remains,
consequently, also finite, even up to room temperature.
Furthermore, the total magnetization curve shows that
the bilayer with its antiferromagnetic coupling can also
be interpreted as a synthetic ferrimagnet, EuO building
one sublattice and Fe/Co layers the other. Over all, we
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find a compensation point (where the total magnetiza-
tion switches sign) above the bulk Te of EuO. Below
the compensation temperature, the total magnetization
is dominated by EuQO, above the compensation point the
Fe sublattice dominates the total magnetization.

To investigate the nature of the proximity effect fur-
ther, in Figure 8 we present magnetization profiles for
three different bilayers and for different temperatures
around the Curie temperature of bare EuO. The most
interesting feature captured in this figure is the spatial
range of the proximity effect, which can be quantified as
a length-scale, varying with the temperature but is - as
far as possible - independent of the EuO thickness. This
length-scale is maximal for 75K, slightly above the Curie
temperature of EuO, indicating that it is connected to a
critical phenomenon.

The first monolayers of the EuO layer show a reduced
magnetization due to surface effects. In our simulations,
we use open boundary conditions leading to fewer inter-
actions between neighboring spins, and, hence, less mag-
netic order, which is clearly visible at 63.8 and 69.6K.

Finally, we should mention that for our simulations,
the quality of the interface might play an important role.
In our spin model, EuO and the 3d-transition metals
are only separated via their lattice structure and the
strength of their exchange interactions. EuO and Co are
ordered FCC leading to a smooth interface and has more
but weaker interactions whereas Fe is BCC, leading to a
rough interface and has lesser but stronger interactions.
Here the interfacial coordination number per atom from
the EuO is not important but the coupling strength is,
and that is purely an estimation(for our simulations we
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FIG. 6. XMCD-PEcas of the Eu 3d core level obtained
at Thigh and © = 7° from the Fe capped 11nm EuO film
(blue) and a reference signal depicting the expected angle de-
pendence of XMCD-PEneas (orange). Despite the measured
data is noisy, comparison with the reference signal (minimum,
maximum) suggests that there might be a non-vanishing sig-
nal.
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FIG. 7. Magnetization curve of bare EuO with a thickness
of 3nm, compared to the total magnetization of a EuO/Fe
bilayer, where the latter magnetization is split into the EuO
layer, the Fe layer, and the interface monolayer of EuO, which
remains magnetized up to room temperature due to the prox-
imity effect from Fe. From the total magnetization we find a
compensation point at about Tcomp = 75K.

take this as the average of Jg,o and Jp./c,) since the
exact values for the interfacial couplings are not known
for such systems. In case of EuO/Co bilayer, shown in
the last subplot of this figure, only 2 monolayers are mag-
netized, which is approximately 6 monolayers in case of
EuO(both thin and thick)/Fe bilayers. It can also be
predicted that if the sample thickness is at a length scale
comparable to that of the proximity effect then we have
all layers magnetically ordered, leading to the entire film
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FIG. 8. Spatially resolved magnetization of the samples at
certain temperatures around the bulk T of EuO. The layers
to the left of the dotted lines are EuO and to the right are Fe or
Co, and the dotted lines refer to the corresponding interfacial
layers. It shows the dependence of the proximity effect on
temperature of the sample, and the type of interface

still ordered above the bulk T¢.

IV. DISCUSSION

In our study, we analyze the depth profile of the mag-
netic proximity effect at a 3d FM/Eu monochalcogenide
interface. We find a depth dependence both on the 3d FM
side and on the EuO side of the interface; and the results
also show how these depth profiles depend on the temper-
ature. Our observation of an enhanced magnetic moment
at the FEuO interface challenges the result of a recent
study claiming EuO is robust to proximity effects [32].
We also find that our bilayer behaves as a synthetic ferri-
magnet with a compensation temperature above the T¢
of EuO due to the uncompensated interfacial coupling.

As explained above, two coupled layers that share one
order parameter cannot have two separate phase transi-
tions. Consequently, there is no separate phase transition
in the EuO in addition to the one of the transition metal.
However, looking at the layer resolved magnetization in
the samples as shown in Figure 8, we understand that
significantly enhancing the magnetic order of EuO over
the full thickness by a proximity effect is only possible in
the ultrathin film limit because the enhanced magnetic
order is a localized effect, mostly at the interface of EuO
with the 3d ferromagnet.

Experimentally, we revealed the strong depth depen-
dence of the proximity effect for interfaced thin EuO
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FIG. 9. Sketch of the key findings: (i) We confirmed an AFM
coupling between a 3d FM overlayer and EuO film. (ii) Above
the bulk Curie temperature of EuO, magnetic order persists
due to a proximity effect. (iii) The spatial range of this prox-
imity effect is finite and is highest at a temperature greater
than T¢. (iv) The proximity effect is independent of the film
thickness. (v) Due to the finite range of the proximity effect,
approaching the 2D limit leads to a higher total magnetiza-
tion of EuO. Overall, these facts turn the EuO/Fe bilayer into
a 2D ferrimagnet.

films, especially at Tiign, proving that the proximity in-
duced magnetic order is short-ranged and comprises a
few monolayers only, which also varies with temperature.
Such a behavior was reported earlier in studies on EuS
heterostructures, where the results were discussed in the
framework of a model calculated for FeFy/CoFs multi-
layers [21]. It shows that below the Néel temperature of
FeF5 and independent of the CoF5 thickness, its interface
layers are polarized due to the proximity to FeF,. From
our measurement on a thick EuO film with Fe overlayer
at Thigh, we cannot conclusively state whether there is in-
terfacial magnetic order in EuO persisting above its bulk
Tc. The absence of magnetic order would imply that the
enhancement of magnetic order depends on the EuO film
thickness. The simulations strongly support that magne-
tization persists at the interface at 80 K and the length
scale of this proximity effect resembles the thinner EuO
with Fe overlayer, since it is related to the interfacial ex-
change coupling. Hence we conclude that the proximity
effect directly at the interface is independent of thickness.

From our results, we can draw conclusions about an-
other phenomenon that may seem counterintuitive at
first glance. To describe this feature, we first define a
temperature, Tsn, below which the average magnetiza-
tion of the EuO film remains considerable, i.e. it ex-
ceeds a certain value. From our findings we can con-
clude that the thinner the EuO film, the stronger the
proximity-induced enhancement of Ty — which contra-
dicts the intuition that the magnetization of a thinner
film is reduced due to undercoordination. To under-
stand this phenomenon, consider that for a finite range
of magnetic order amplified by proximity, which is inde-
pendent of the EuO film thickness, a thickness-dependent
increase in Tynp is possible. A temperature-dependent

range of the proximity effect would play a significant
role for enhancing Tsn the more effective the thinner
the EuO film is. This yields the picture of an indirect
thickness dependence of Tsp: The range of the proxim-
ity effect decreases beyond a certain critical temperature
(T' > T¢(guoy) where this length-scale is maximum. For
a thicker film a smaller ratio of the layers will exhibit a
significant proximity-enhanced magnetic order at higher
temperature. Therefore, the average magnetization will
drop faster with temperature the thicker the EuO film is,
see Fig. 9.

While we have demonstrated that the enhancement
of the proximity-induced magnetization is short-ranged,
the antiferromagnetic correlation between the 3d FM and
EuO layers turns out to be not. This fact makes the bi-
layer a synthetic ferrimagnet with a compensation point
above the bulk T of EuO, as shown in Figure 7. For tem-
peratures T' < Ttomp, EuO has higher magnetic moment
than Fe or Co and vice versa above the compensation
temperature.

The magnetization of the 3d FM overlayer seems to
be slightly reduced in the vicinity of the 3d FM/EuO
interface, see Fig. 5 (e). However, since the angle de-
pendence is only observed at Thign, we exclude chemical
changes, e.g. oxidation of the 3d FM at the interface,
as the cause. Instead, this effect is probably due to the
fact that the 3d FM interface monolayers experiences two
types of interactions, strong positive with the bulk of Fe
whereas weaker negative with EuO, thus decreasing the
magnetization in the FM monolayer at the interface, as
illustrated in Figure 9.

In our simulations, we find finite magnetization in the in-
terfacial EuO layers for temperatures up to room temper-
ature seen in Figure 7. This suggests a two-dimensional
magnetized EuO interface state that can be controlled
via exchange coupling, temperature and sample thick-
ness. However, in contrast to the studies on EuS-
based heterostructures focussed on magnetic proximity
effect [11, 13-16], which show ferromagnetism at RT, we
studied a bilayer instead of a multilayer structure. We ex-
pect the induced magnetization and, hence, the enhance-
ment of the magnetic order in EuO to be much stronger in
a multilayer structure, as the proximity effect acts on the
EuO layers from both sides. Based on our findings on the
3d FM/EuO proximity effect, we therefore assume that
further enhancing magnetic order in EuO is possible in
two ways: by reducing the EuO thickness and/or sand-
wiching EuO between two 3d FM layers. Moreover we
conclude that in such magnetic heterostructures, spin-
spin interaction is respomnsible for the proximity effect,
since the interfacial exchange induces magnetization in

EuO.

To summarize, we studied the magnetic proximity
effect at Fe/EuO and Co/EuO interfaces by applying
HAX-MDP to bilayers with different EuO thickness as
well as reference samples and through atomistic spin dy-
namics simulations. Our methods allow for a tempera-
ture dependent analysis of the depth profile of the mag-



netization inside the EuO layer. In the thin film limit,
the EuO does not exhibit any separate phase transition,
since its interface layer remains always magnetized due
to the vicinity of the 3d-TM. This fact turns our bilayers
into synthetic ferrimagnets with a compensation temper-
ature above the bulk T of EuO, that may combine the
easy control of net magnetization by an external field
with an antiferromagnetic-like dynamics faster than fer-
romagnetic dynamics and the potential for high-density
devices. Our findings underline that reducing the EuO
thickness towards the 2D limit and interfacing the layer
from both sides is a promising approach for pushing the
induced magnetization of the EuO into the technologi-
cally relevant temperature range.
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