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Claus M. Schneider, Umut Parlak, Martina Miiller, and Mirko Cinchetti*

The magnetic proximity effect provides a promising way to increase the low
Curie temperature (T) of europium monoxide (EuO) toward or even above
room temperature, while keeping its stoichiometry and insulating properties.
This work studies EuO/Co bilayers using static and time-resolved
magneto-optical Kerr effect measurements, and explores the influence of
magnetic proximity on T and on the spin dynamics in EuO. Excitation above
the EuO bandgap results in an ultrafast enhancement of the EuO
magnetization followed by a demagnetization within nanoseconds. This
behaviour is also visible upon selectively photoexciting Co in the EuO/Co
bilayer placed in an out-of-plane magnetic field, which is attributed to
propagation of a superdiffusive spin current from Co into EuO. As the spin
dynamics of Co shows a transient thermal demagnetization, the bilayer
provides a system where the transient magneto-optical signal can be tuned in
amplitude and sign by varying external parameters such as the sample
temperature or pump fluence. Moreover, in a strong excitation regime it is
possible to measure the magnetic hysteresis of the underlying EuO, which is
present up to room temperature — giving experimental evidence for the
presence of a tuneable magnetic proximity coupling between Co and EuO.

solids and to control spin-related
phenomena.?l In complex oxides, for
example, electrons are subject to strong
electron-electron interactions leading to
a plethora of unconventional physical
phenomena.3*l  Among these func-
tional oxides, ferro- and ferrimagnetic
oxides are promising materials for sec-
ond generation spintronics devices with
advanced functionalities, e.g., the realiza-
tion of spin filters,[>%! spin transistors,!”]
spin diodes and nonvolatile magnetic
memories.?# In particular, magnetic
oxides which electronically behave as
semiconductors may ideally merge
spintronics and optoelectronics, for ex-
ample in spin-controlled light emitting
diodes or surface emitting lasers.°]

In this study, we examine stoichiomet-
ric europium monoxide (EuO), a semi-
conducting ferromagnet with a Curie
temperature (T.) of 69 K. It has a half-

1. Introduction

In the context of spintronics,!!! a wide variety of approaches
has been explored to manipulate the magnetic configuration in
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filled 4f shell and shows an energy split-

ting 0of 0.6 eV of the conduction band. The

temperature-dependent magnetization
follows a Brillouin function, reaching a saturation magnetiza-
tion of 7 py/Eu. EuO is thus often described as an almost ideal
manifestation of a Heisenberg ferromagnet. The optical spec-
trum is dominated by transitions from the 4{” valence band
orbitals to the 5d-6s conduction band across an indirect band
gap of E, = 1.19 eV."% EuO has already been successfully em-
ployed as a magnetic tunnel barrier with up to 100% spin polar-
ized electrons.®11714] Tt has also been recognized for its strong
magneto-optical effects, with a Kerr rotation at least one order
of magnitude larger than that in transition metals.'>!¢] Besides
its intrinsic characteristics, it exhibits intriguing transient effects
on the picosecond timescale. Most strikingly, Liu et al. reported a
photoinduced enhancement of magnetization, which is followed
by a slower demagnetization process. The former is attributed
to the formation of magnetic polarons by optical transition of 4f
electrons into the 5d states.!”]

Even though EuO has the highest Curie temperature among
the europium chalcogenides,™®191 it is still too low for applica-
tions, which usually require near-room-temperature magnetic or-
dering. Various approaches to increase T, have already been in-
vestigated. For example, by introducing oxygen vacancies!?*?’] or
doping with trivalent elements such as gadolinium,[20-23:2528-32] j
is possible to increase the magnetic ordering temperature up to
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170 K. These approaches rely on doping the rare earth oxide and
thereby modifying the stoichiometry and conductivity. A promis-
ing way to increase the Curie temperature even further, while pre-
serving the insulating properties, is to utilize the magnetic prox-
imity effect by capping the europium chalcogenides with a high
T, transition metal. Thereby, a hybridization between the 5d and
3d states from the rare earth and transition metal, respectively,
might occur, which in turn leads to an indirect exchange interac-
tion between the 4f states from the rare earth and the 3d states
from the transition metal.®3] This can lead to a significantly in-
creased Curie temperature at the interface, as it was already suc-
cessfully shown for europium sulphide (EuS), also a ferromag-
netic semiconductor.**3#! Crucially, the influence of magnetic
proximity on the spin dynamics of EuO has not been uncovered
yet.

In this work, we study EuO/Co as a prototypical magnetic prox-
imity system using static and time-resolved magneto-optical Kerr
effect (MOKE) measurements. In particular, we report the pi-
cosecond to nanosecond dynamics of EuO/Co bilayers at varying
temperature, applied magnetic field, and laser fluence. Our re-
sults indicate that the magnetization of EuO can be transiently
enhanced in the bilayer by selectively photoexciting the Co layer,
a process that can be explained by the propagation of a superdif-
fusive spin current from Co into EuO. On the other hand, the
cobalt layer contributes to the transient magneto-optical signal
with the opposite sign than EuO, resulting from a transient ther-
mal demagnetization. The different sign of the EuO and Co sig-
nals allows us to tune the transient magneto-optical response
of the system in amplitude and sign by varying various external
parameters: the delay between the pump and probe beams, the
pump fluence, the sample temperature and the value of the ap-
plied magnetic field. Furthermore, in the regime of strong optical
excitation (fluence = 20 mJ cm~2) we find experimental evidence
of the magnetic proximity coupling between Co and EuO, with a
correspondent increase of the magnetic ordering temperature at
the Co/EuO interface up to room temperature.

2. Results

2.1. Static Characterization

The static hysteresis curves recorded in polar (P-) and longitudi-
nal (L-YMOKE configuration are presented in Figure 1. The back-
ground originating from the diamagnetic contribution of the sub-
strate is removed using the procedure described in Figure S1
(Supporting Information). The EuO sample shows a clear hys-
teresis signal at low temperatures, see Figure 1a,b. The rema-
nence is in both cases close to 100%. The coercive field in the
P-MOKE configuration is approximately 20 times larger than in
L-MOKE. Both the coercivity and the saturation magnetization
decrease with increasing temperature and vanish at T = 69 K,
the Curie temperature of bulk EuO. For thin films of EuO, a
slightly reduced magnetic ordering temperature compared to the
bulk was already reported in literature."!l The slight offset be-
tween the measured T in the two MOKE configurations origi-
nates from different positions of the temperature sensors in the
corresponding cryostats.

This straightforward behavior changes once the Co layer is in-
troduced into the system. In the L-MOKE measurements, shown
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in Figure 1c, the hysteresis loops at low temperatures show sig-
nificantly smaller coercivity and remanence. Also, the saturation
magnetization approaches zero already at 50 K, i.e., at a lower
temperature compared to the pure EuO sample. By further in-
creasing the temperature, the hysteresis appears again in an in-
verted orientation. Since it is known from literaturel**! that the
Kerr rotations of EuO and Co have opposite signs for the photon
energy used in our experiment, our results suggest a substitution
of the dominant magneto-optical contribution upon crossing a
temperature threshold, a behavior which is typically known in an-
tiferromagnetically coupled ferrimagnets.[*) As the Kerr rotation
in rare earths is described to be at least one order of magnitude
larger than that in transition metals!*>'®! (%—0.3° and ~2° at 3 eV
for Co and EuO, respectively,*! for 3 eV optical probe as used in
the L-MOKE configuration) the dominant magnetic contribution
at low temperatures can be attributed to EuO. With increasing
temperature, the magneto-optical response of EuO diminishes
and is exceeded by Co at about 55-60 K, close to the bulk Curie
temperature of EuO, as indicated by the inversion of the hystere-
sis. The AFM coupling between transition metal and rare earth
layers was already reported in the literature not only for EuO,*!]
but also for EuS/Co.[3#36:3842-44] [t wag attributed to the hybridiza-
tion between the 3d states of the transition metal and the 5d states
from the rare earth.334]

The hysteresis loops of the bilayer measured in the P-MOKE
geometry are shown in Figure 1d. Compared to the hysteresis of
the reference EuO sample in Figure 1b, they show a vanishing
remanence and a strongly increased saturation field, that varies
between 2.8 T (at 5 K) and 1.8 T (at 55 K). This behavior indi-
cates that the deposition of the Co layer induces a change in the
magnetic anisotropy of the system. Above 55 K, the shape of the
hysteresis does not change anymore, in agreement with our inter-
pretation that above this temperature the signal mostly originates
from the Co layer.

Recently, a magnetic proximity effect at the EuO/Co interface
was reported in an XMCD study.[*®! In the static hysteresis loops
presented in Figure 1 it is hard to confirm this behavior besides
the observed changes in magnetic anisotropy, since optical Kerr
effect measurements lack element specificity. As we will see in
the next section, measuring the transient magnetization after op-
tical excitation in the P-MOKE configuration can instead provide
further information about the proximity effect at the EuO/Co in-
terface.

2.2. Transient Behavior

In order to disentangle the transient magnetic behavior of the
coupled EuO/Co bilayer from the pristine EuO, we have per-
formed time-resolved pump-probe experiments on both systems
under different excitation conditions. The measurements were
carried out in the P-MOKE configuration at 5 K with an applied
field of B,,, = 3.5 T normal to the sample surface (z-direction), as
schematically shown in Figure 2a. The probe wavelength was set
to 800 nm, while the pump wavelength was varied from 750 nm
(hao > E,) to 1700 nm (ho < E,) to excite the sample above and
below the bandgap energy of EuO, respectively, as visualized in
Figure 2b. By varying the pump photon energy, we can pinpoint
the influence of the Co layer on the transient magnetization
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Figure 1. Hysteresis loops measurements of the europium monoxide (EuO) samples (a) and (b) and the EuO/Co bilayers (c) and (d). The measurements
were performed in the L-MOKE and P-MOKE configuration, respectively. For a better visibility, the hysteresis loops are displayed with an offset. For the
data measured in the L-MOKE configuration, the y-scale is arbitrary. A linear background was subtracted from the curves as described in Supporting

Information.

behavior of the adjacent EuO. In the experiments, the laser
pump fluence was kept fixed at 0.5 m] cm™2, whereas the probe
fluence was <10 uJ cm~2.

The blue trace in Figure 2c shows the data for hw > E, on
the EuO sample. The transient rotation of polarization is signifi-
cantly increased on a short timescale (<100 ps) agreeing with the
literature,['”] where the transient increase in the photoinduced
magnetization in EuO has been attributed to the formation of
magnetic polarons by the optical transition of 4f electrons into
the 5d states, schematically represented in Figure 2b by the green
arrow. The enhancement decays for increasing time delays but
remains above equilibrium magnetization (A6 = 0) even after
1000 ps. The negative peak at zero delay is also visible in the tran-
sient reflectivity (not shown here) and is therefore most likely of
optical and not magnetic origin. The measurement for hw < E,
(red trace) only shows a very weak signal, which is attributed to
thermal heating induced by impulsive stimulated Raman scatter-
ing process,[*’*8] active also for optical excitation below the band
gap. We would like to stress that at this photon energy, no tran-
sient increase in the photoinduced magnetization is observed for
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pure EuO, since the 4f — 5d transition is suppressed (red arrow
in Figure 2b).

The measurements performed on the EuO/Co bilayer using
the same parameters are shown in Figure 2d. The blue trace
shows the data for i > E,, where we observe the enhancement
of the magnetization of EuO, similar to the EuO single layer.
Since the pump beam was already partially absorbed by the Co
layer before reaching the EuO, the enhancement of magneti-
zation is less pronounced. In addition, the signal switches its
sign after ~750 ps, which suggests the presence of a stronger
demagnetization channel in EuO/Co with respect to EuO. The
transient magnetic behavior of Co after optical excitation is well
documented in literature as an ultrafast demagnetization within
hundreds of femtoseconds and a subsequent remagnetization
within a few picoseconds.[*-% In our experiments, the ultrafast
demagnetization of the Co layer is not resolved due to a step size
of the delay between the pump and probe beam of 5 ps.

The measurement for i < E, on the bilayer is depicted by
the red trace in Figure 2d. In this case, only the Co layer is ex-
cited, while EuO is mostly transparent at this photon energy,>*] as
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Figure 2. a) Schematic illustration of the measurement geometry, with the external field B applied along the z-direction. b) Schematic illustration of
the density of states of europium monoxide (EuO) and Co and the excitation energies used in the described experiments. The 5d band of EuO can be
populated either by photoexciting the sample above the EuO band gap (green arrow) or by photoexciting 3d electrons of the Co layer with a photon
energy below the EuO band gap (dark red arrow). c,d) Pump probe measurements on c) the EuO sample and d) the EuO/Co bilayer. Measurements are
performed with the pump wavelength set to hw > E, (blue traces) and hw < Eg (red traces), respectively. The temperature was set to 5 K and a magnetic
field of 3.5 T was applied normal to the sample surface. €) Pump probe measurements in temperature dependence on the EuO/Co bilayer.

confirmed by the measurement on the EuO sample in Figure 2c.
In contrast to pure EuO, the EuO/Co sample shows a transient
increase in the photoinduced magnetization even for excitation
below the EuO band gap, which can be interpreted by assuming
that there is a magnetic interaction at the EuO/Co interface. This
could be either an indirect excitation of EuO (e.g., through heat-
ing) or a transfer of majority spins from Co to EuO. Since heat-
ing is expected to reduce the magnetization, our interpretation
of the transient magnetization enhancement observed after ex-
citing the EuO/Co system below the EuO band gap is that there
is a transfer of optically excited majority electrons from cobalt
into the (unoccupied) EuO 5d band. This process is schemati-
cally depicted in Figure 2b: the photon energy of 0.7 eV is too
low to promote majority spins from the EuO 4f-states into the
EuO 5d-states, but it is high enough to promote optically excited
electrons in cobalt at an excited state energy corresponding to the
position of the unoccupied 5d bands of EuO. Some of these elec-
trons will travel from the cobalt into the EuO layer and populate
the EuO 5d band. Although both minority and majority electrons
are excited in this process, the electrons transferred to the EuO
are expected to be mostly majority electrons due to their longer
lifetime with respect to minority electrons.l®* This process has
been described in the literature as superdiffusive spin current,[>!
and was already observed in metallic bilayers.[>®! Please note that
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superdiffusive spin currents are possible in our experiment be-
cause the magnetization vectors of the two layers are parallel to
each other, since for B,,, = 3.5 T both M, and M, are directed
along the applied field in the z-direction. We thus argue that in
our system, the majority electrons propagating as a spin current
from Co into EuO have the same effect as direct optical excitation
in EuO (4f — 5d), leading to a transient enhancement of the EuO
magnetization.

Since the transient enhancement of magnetization in EuO/Co
for excitation below the EuO band gap is the most interesting
feature in our measurements, we performed additional measure-
ments in the regime ho < E, by keeping the pump fluence
constant at 4 m] cm™? and changing the sample temperature
between 5 and 100 K with B,,, = 3.5 T. The data is shown in
Figure 2e. For temperatures up to 40 K, the enhancement of the
EuO magnetization is still clearly detectable. For T > T (EuO),
where only the Co layer is ferromagnetically ordered, we observe
a negative signal which persists well beyond the measured delay
range (2000 ps). This behavior can be attributed to the heating
of the thin Co layer, since it is deposited between two insulators
(EuO and MgO). In other words, the cobalt layer deposited on top
of EuO shows a transient demagnetization signal that persists for
a timescale over 2000 ps: this behavior is crucial to understand
the results in the next sections.
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Figure 3. Transient hysteresis measurements on the europium monoxide (EuO)/Co bilayer for a short delay of 6 ps (a) and a long delay of 2000 ps
(b). The pump photon energy is set to hw < E, with a fluence of 5 m| cm™2. Measurements were performed at 5 K. The data plotted in gray depict a
static hysteresis measured at the same temperature. c) Pump probe measurements performed on the EuO/Co bilayer in magnetic field dependence.

The pump fluence was increased to 20 m) cm~2, the remaining paramete

rs were kept the same. d) Schematic illustration of the behavior of the static

and transient magnetization vectors of EuO (red) and Co (blue) in the EuO/Co bilayer. The static magnetization vectors (Mc,, Mg,o) rotate toward the
magnetic field direction. Due to the different transient response of the EuO and the Co layers (enhancement versus demagnetization), the transient

magnetization vectors (AMc,, AMg,o) are, respectively, parallel (AMg,q)

2.3. Transient Hysteresis Loops

For a better understanding of the time-resolved magnetization
behavior, we performed transient hysteresis measurements. We
started by measuring both the transient and the static Kerr ro-
tation, i.e.: (fy + Afg) and (0y), respectively. From these sig-
nals we extract the so-called transient hysteresis loops, which are
described by the dependence of Afy from the magnetic field,
as shown schematically in Figure S2 (Supporting Information).
This measured quantity is proportional to the transient magneti-
zation AM, i.e., the pump induced variation of the static magneti-
zation M along the z-direction. (We recall that the measurements
are performed in the P-MOKE geometry, i.e., with the external
field B.,, along the z-direction.) In the simplest case of a single
magnetic layer, positive values of Afy at positive magnetic fields
indicate an amplified magnetization, while negative A6y at posi-
tive fields can be attributed to a demagnetization. As the EuO/Co
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and antiparallel (AMc,,) to the static magnetization vectors.

system consists of two layers, that are coupled antiferromagneti-
cally in the ground state, the transient hysteresis loops will exhibit
a complex behavior resulting from the different spin dynamics of
the two materials and from the orientation of their magnetization
in the external magnetic field. To disentangle the different contri-
butions, we have recorded transient hysteresis loops at different
time delays, where the EuO and Co layer are expected to follow
intrinsically different transient behavior.

In Figure 3a,b we compare two transient hysteresis loops
recorded at 6 ps (short delay, blue curve) and 2000 ps (long de-
lay, red curve) to the static hysteresis (gray curve). The measure-
ments were performed at 5 K with the pump fluence set to 5 m]
cm2 and a photon energy of hw < E, to only excite the Co layer.
For the short delay the transient hysteresis is positive at positive
magnetic fields, which is consistent with the enhanced magne-
tization at this timescale reported in Figure 2d. For long delays
the transient rotation is also positive (for B, > 0), but starts to

ext
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diminish upon passing a magnetic field of 1.6 T and switches its
sign for B, > 2.2 T, in agreement with the measurements (for
At> 1000 ps) shown in Figure 2d (red trace), that were performed
with an applied field of 3.5 T.

We first analyze the behavior of the hysteresis recorded at short
delays. At high magnetic fields (B, > 2.8 T), the static magneti-
zation of both EuO and Co layers (Mg,o, Mc,) has reached its
remanence value and is oriented parallel to B,,, along the z-axis.
The transient magnetization signal is positive and maximum: it
is dominated by the transient enhancement of the magnetization
in EuO (AMyg,o). This signal is larger in absolute value than the
transient demagnetization in the cobalt: |AMg, | > |AMc,|. Since
the transient magnetization follows the behavior of the static
magnetization, we can conclude that it has mainly a longitudinal
character (the changes in the magnetization are parallel to the
magnetization itself). This behavior is consistent with a thermal
demagnetization mechanism for the cobalt layer and with the al-
ready discussed optical enhancement of the EuO magnetization,
i.e., the presence of a superdiffusive spin current of majority elec-
trons from cobalt into EuO. At lower values of the external field,
Mg, 0 and M, are not completely aligned along the field and op-
tical excitation induces additional precession of the magnetiza-
tion along the effective magnetic field (given by the external field
and the anisotropy field).”) This behavior is explicitly shown in
Figure 3c, where it is also clear that the oscillation is suppressed
when the external field is higher than the saturation threshold.
Despite the oscillations, the transient magnetization signal is al-
ways positive, meaning that the longitudinal component of the
transient magnetization dominates over the transverse compo-
nent. We also note that the strength of the superdiffusive spin
current from the Co layer into the EuO layer will also decrease
with decreasing B, and reach zero for B, = 0, where the mag-
netization vectors of the two layers are antiparallel to each other.

Atlong delays, the oscillations are already damped, and the sig-
nal is purely given by the longitudinal contribution. Moreover, on
a timescale of 1000 ps the optical enhancement of the EuO mag-
netization (AMy,o) is much weaker (Figure 2d), while the reduc-
tion of the cobalt magnetization (AM,) is stronger (Figure 2e):
[AMg.o| < |AMc,|. At saturation, the negative contribution from
the cobalt demagnetization dominates the transient signal, which
is thus negative. At lower fields, the transient signal becomes
positive, which can be easily understood by considering that the
cobalt layer reaches saturation at higher fields than EuO: in other
words, the angle between My, and the external field is smaller
than the one between M, and B.,. Since that transient signal
has mainly a longitudinal character, the same behavior can be
postulated for the vectors AMg,, and AM,. Depending on the
value of B.,,, the sum between these two vectors will be positive
or negative and will cross zero at a critical value of the external
field B,,, ., varying between 1 and 3 T depending on the time de-
lay. This model is schematically depicted in Figure 3d.

2.4. Delay, Fluence, and Temperature Dependence

We now study the transient magnetic hysteresis of the EuO/Co
system as a function of the delay between pump and probe, of
the pump fluence and of the sample temperature. In a first set
of measurements, the pump photon energy was set to hw < E,
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Figure 4. Transient hysteresis curves of the europium monoxide (EuO)/Co
bilayer measured in pump probe delay dependence. The pump photon
energy is set to hw < Eg with a fluence of 5 m) cm™2. The measurements
are performed at a temperature of 5 K.

and transient hysteresis loops were recorded at various pump-
probe delays (Figure 4), while the sample temperature was kept
at 5 K and the pump fluence was set to 5 m] cm~2. We find that,
at saturation, the transition between the short and long delay be-
havior reported in the previous section (|AMg,o| > |AM,| versus
[AMg,0| < |AM,|) takes place for delays between 576 and 803 ps.
At such delays, the amplitude of the cobalt demagnetization can
overcome the transient enhancement of the EuO.

Figure 5a,b, respectively, shows the fluence dependence mea-
sured at a temperature of 5 K, and the temperature dependence
recorded for a pump fluence of 4 m] cm~2. The delay between
pump and probe is set to 2000 ps in both measurements (long
delay regime). Increasing the pump fluence increases the ampli-
tude of the spin current diffusing from the optically excited cobalt
layer into EuO. This results in an amplification of the positive
transient signal in Figure 5a for an increasing pump fluence. At
the same time, increasing the pump fluence induces a stronger
demagnetization in the cobalt layer (due to heat accumulation in
the cobalt layer). At saturation, this leads to a stronger negative
signal for higher pump fluence. The temperature dependence
shown in Figure 5b gives information about the influence of the
EuO layer on the transient dynamics. We tune the temperature
in the range from 5 to 60 K, a range that is expected to only affect
EuO, as T, of Co is significantly higher. We see that for T > 50
K the transient magnetization does not change sign anymore for
B > 0, as aresult of the decrease of the EuO transient signal for
increasing temperature.

The measurements presented in Figures 4 and 5 show that the
sign of the transient magnetization, that results from the inter-
play between the cobalt demagnetization and the enhancement
of the EuO magnetization, can be modified by varying various pa-
rameters: the delay between the pump and probe beam, the sam-
ple temperature and the value of the field B, applied along the
z-direction. These parameters provide the possibility to specifi-
cally select which transient magnetization signal of the EuO/Co
bilayer is dominant and thus to tune the magnitude as well as the
sign of the signal.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Transient hysteresis curves of the europium monoxide (EuO)/Co bilayer measured in a) pump fluence dependence and b) temperature de-
pendence at a delay of 2000 ps. In both cases the pump photon energy is set to hw < E;. a) The temperature is kept at 5 K, while for b) the fluence is set

to4 mjcm=2.

2.5. Strong Excitation Regime

A final set of measurement has been performed with a pump
fluence of 20 mJ] cm=2 to explore the behavior of the system in
the strong excitation regime. The data for the transient hystere-
sis measurement performed at 5 K with a delay of 2.1 ps is de-
picted in Figure 6a. At remanence, for positive fields, the signal is
positive, similar to lower excitation fluence (Figure 3a). However,
decreasing B,,, we observe a zero-crossing and then a negative
transient magnetization. This means that for low values of B,
the transient signal is dominated by the cobalt demagnetization.
In Figure 6b we subtract this contribution from the signal; the re-
sult is a hysteresis which is open around B,,, = 0 T. Crucially, this
hysteresis can be attributed to the EuO layer, since the cobalt does
not show any remanence in the polar configuration (Figure 1d).

a) High Fluence, 5 K

The effect of the strong optical excitation seems to be twofold:
it suppresses the magnetization of the cobalt, while at the same
time it also reduces its influence on the anisotropy of the EuO
(please recall that the presence of the cobalt strongly increases
the out-of-plane saturation magnetization in the static hysteresis
loops shown in Figure 1d), that shows again an open hysteresis
in the P-MOKE configuration. Under these conditions it is thus
possible to measure the magnetic hysteresis of the underlying
EuO layer. Strikingly, the signal is present up to room tempera-
ture. Since the superdiffusive spin current signal should vanish
at B, = 0 T (where the magnetizations of the two layers are an-
tiparallel), this signal can be taken as experimental evidence of
the presence of a magnetic proximity coupling between Co and
EuO, with a concomitant increase in the Curie temperature of
the EuO surface in contact with the cobalt layer. Further studies

b) High Fluence, Temperature dependence
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Figure 6. a) Transient hysteresis curves of the europium monoxide (EuO)/Co bilayer at 5 K with the pump photon energy set to hw < E, with a fluence
of 20 mj cm~2. The hysteresis opens up, implying a break of the coupling between the two layers which allows access to the isolated EuO magnetization.
b) The same measurement was performed in temperature dependence. The opening of the hysteresis persists up to room temperature. In both figures,
the delay was set to 2.1 ps.
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should be performed in order to determine if the proximity cou-
pling affects the whole EuO layer or only the EuO/Co interface.

3. Conclusion

In summary, we examined the static and time-resolved magneto-
optical response of a Co/EuO bilayer. Static in-plane hystere-
sis measurements show an antiferromagnetic coupling between
the two layers. Pump-probe measurements performed in the P-
MOKE geometry show an intriguing behavior. We found that the
magnetization of EuO can be transiently excited by selectively
pumping the cobalt layer, which we assign to the presence of a
superdiffusive spin current of majority spins from Co into EuO.
This transient magnetization enhancement is counterbalanced
by a negative transient magnetization signal from the cobalt layer,
that is thermally demagnetized by optical excitation. The inter-
play between these two signals provides a controlled way of se-
lecting a dominant transient contribution from the two layers
by varying parameters such as the pump-probe delay, temper-
ature, magnetic field, delay, and pump fluence. Transient hys-
teresis measurements with fluences of 20 mJ cm™? at a short
delay of 2.1 ps provide the intriguing possibility to quench the
Co magnetization and thereby allow access to the EuO magne-
tization. Temperature-dependent measurements in this regime
reveal a transient contribution to the magnetic signal from EuO
well above its magnetic ordering temperature — persisting even
up to room temperature, which we ascribed to a magnetic prox-
imity effect at the EuO/Co interface.

4. Experimental Section

Samples: A Co/EuO bilayer and a bare EuO reference film were
deposited on double-side polished transparent yttria-stabilized zirconia
(YSZ(001)) substrates (Crystec GmbH) using molecular beam epitaxy
(MBE). YSZ is regarded as the best suited substrate for high-quality
EuO thin film growth since its lattice constant (~5.14 A) almost per-
fectly matches that of EuO (5.142 A).[53-80] We synthesized a 5 nm thick
EuO film on YSZ applying the established MBE-based adsorption limited
growth mode as described elsewhere.[662] The Eu deposition rate was r=
0.13 A s~1 and the oxygen partial pressure was po; = 1.5 x 1078 mbar. In
situ X-ray photoelectron spectroscopy (XPS) was employed to confirm the
chemical composition of EuO, a crucial procedure as EuO is metastable,
highly reactive and will lose its properties if overoxidized.[®2] A 4 nm thick
Co overlayer was subsequently deposited onto the EuO film by e-beam
evaporation at room temperature. XPS analysis of a similar sample reveals
that EuO remains stoichiometric upon Co deposition (shown in Figure S3,
Supporting Information). In the same way as the Co overlayer, a 24 nm
thick MgO capping layer was deposited, preventing EuO (and Co) from
oxidizing during ex situ handling.[63]

Setup: Static magnetic hysteresis measurements were performed in
polar (P-MOKE) and longitudinal (L-MOKE) configurations to characterize
the magnetic ground state. A positive magnetic field was always used as
starting point for the hysteresis. The field was also applied while increasing
the temperature in the temperature-dependent measurements. The mag-
netic field is applied parallel and perpendicular to the EuO [100] direction
in the L- and P-MOKE configuration, respectively. The L-MOKE measure-
ments were performed with 3 eV optical probe. Time-resolved measure-
ments were carried out in P-MOKE configuration in a pump-probe setup
with an ytterbium-based femtosecond laser (20 W average output power,
100 kHz pump repetition rate) driving two optical parametric amplifiers
(OPAs), which allow for independent tuning of the photon energy of both
pump and probe beams in the range between 0.5 and 3.5 eV, i.e., below
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and above the bandgap of EuO. Both static and time-resolved P-MOKE
experiments were performed with a 1.55 eV probe. We used a helium flow
cryostat to measure temperature dependent between 5 and 300 K with
magnetic fields applied up to +3.5 T. Further details on this setup can be
found in literature.[4>64]

Supporting Information

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