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ABSTRACT

The spin Hall magnetoresistance (SMR) allows to investigate the magnetic textures of magnetically ordered insulators in heterostructures
with normal metals by magnetotransport experiments. We here report the observation of the SMR in in situ prepared ferromagnetic EuO/W
thin film bilayers with magnetically and chemically well-defined interfaces. We characterize the magnetoresistance effects utilizing angle-
dependent and field-dependent magnetotransport measurements as a function of temperature. Applying the established SMR model, we
derive and quantify the real and imaginary parts of the complex spin mixing interface conductance. We find that the imaginary part is by
one order of magnitude larger than the real part. Both decrease with increasing temperature. This reduction is in agreement with thermal
fluctuations in the ferromagnet.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049235

The spin Hall magnetoresistance (SMR) opened up the opportu-
nity to study magnetically ordered insulators (MOIs) in bilayer hetero-
structures with normal metals (NM) via simple magnetotransport
experiments.1–4 Until today, the SMR was successfully employed to
probe the magnetic moment configuration in ferrimagnetic, antiferro-
magnetic, and complex (e.g., canted or chiral) magnetic phases.1,3,5–13

Initially, the role of magnetic sublattices was not considered in the
SMR theory framework. However, later studies revealed that the effect
is sensitive to the spin texture at the interface, in particular to the
arrangement of the individual magnetic sublattices. This enabled stud-
ies on spin-canting in ferri- and antiferromagnetic insulators.6–10,12,13

Interestingly, the SMR in ferromagnetic insulators has rarely been
investigated, and only recently results on EuS/Pt and EuO/Pt interfaces
have been reported.14,15 The effect critically depends on the quality of
the MOI/NM interface16 and, in particular, on its transparency for the
spin current, described via the complex spin mixing interface conduc-
tanceG"# ¼ Gr þ iGi. Most importantly, both experiments and theory

suggest that in such ferromagnetic insulators Gi exceedsGr, as interface
compensation effects do not reduce Gi.

14,17 This opens up a different
regime for SMR experiments as well as for spin-transfer torque effects.

In this Letter, we focus on the metastable ferromagnetic semicon-
ductor EuO with a Curie temperature of 69K. We first present an
x-ray photoelectron spectroscopy (XPS) study on both EuO/Pt and
EuO/W heterostructures, which reveals very differently defined chemi-
cal interfaces. Based on our findings, we focus on the well-defined fer-
romagnetic EuO/W heterostructure in order to investigate their
magnetoresistance (MR) as a function of temperature and applied
magnetic field orientation. We identify two contributions to the MR in
these samples: (i) SMR originating from the EuO/W interface and (ii)
ordinary MR from the metallic W layer. By extracting the SMR
parameters, we quantify the real and imaginary parts of the spin mix-
ing interface conductance in the limit of Gi > Gr. This allows us to
investigate the temperature dependence of Gi and Gr and find that in
agreement with theory, it is dominated by spin fluctuations.
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Epitaxial and bulk-like EuO thin films with a thickness of about
40 nm are deposited on single crystalline, (001)-oriented yttria-
stabilized zirconia (YSZ) substrates using oxide molecular beam epi-
taxy.18,19 We applied our preparation process reported in Ref. 20,
using a deposition temperature of 400 �C. After confirming the film
quality by in situ XPS, RHEED, and LEED, we subsequently in situ
deposit 4 nm thin W strips with a width of 250lm through a shadow
mask onto the EuO film via electron beam evaporation. For compari-
son, we fabricate a reference sample consisting of W-strips with the
same thickness deposited directly on a YSZ substrate. To protect the
uncovered EuO from oxidation, we deposit a 15 nm MgO capping
layer on all samples via electron beam evaporation. To further confirm
the EuO quality, we perform SQUID magnetometry measurements. In
order to probe the interface quality of EuO/Pt and EuO/W hetero-
structures by means of in situ XPS using a Al Ka source, we fabricate a
second set of samples with plane thin films of 0.3nm Pt and 0.4 nm
W, respectively, deposited without shadow mask onto EuO films. For
magnetotransport measurements, we use a standard four-point dc
measurement technique in a 3D-vector magnet cryostat with a variable
temperature insert. For all transport measurements, we use a charge
current bias of 10 lA and a current reversal method to eliminate any
spurious thermal signals in our measurements.4,21

First, we study the stoichiometry of EuO at the EuO/Pt and EuO/
W interfaces by in situ XPS of the Eu 3d5/2 core level. To investigate
the EuO interface through the metallic Pt and W capping layer, we
compare spectra taken before and after the metal deposition. In detail,
we subtract a constant background and normalize each spectrum to
the Eu2þ 3d5/2 peak height.

The Eu 3d5/2 core-level spectra for the two different trilayers are
depicted in Fig. 1. For the uncovered EuO films (dashed lines), we find
only spectral contributions of Eu2þ, indicating stoichiometric and,
thus, ferromagnetic EuO.19,22–24 After the W or Pt deposition (solid
lines), the spectra show an enhanced inelastic background at the high

binding energy side, which does not hamper the analysis of the EuO
composition but simply originates from additional scattering of the pho-
toelectrons while traversing the metal overlayer. For EuO/W, the spec-
trum in Fig. 1 also exhibits a pronounced Eu2þmain peak and a satellite
at its higher binding energy side, i.e., the signature of pure Eu2þ, indicat-
ing ferromagnetic EuO at the well-defined EuO/W interface.

For EuO/Pt, in contrast, we find an intense Eu3þ peak at an even
higher binding energy compared to the Eu2þ satellite.24 This observa-
tion of significant Eu oxidation may be explained by the catalytic prop-
erty of Pt, which lowers the formation energy of Eu2O3 or Eu3O4. Our
observation shows that the deposition of Pt onto a stoichiometric EuO
film results in an interfacial oxidation process of the initially ferromag-
netic EuO, which causes the formation of paramagnetic Eu2O3 or
Eu3O4 by oxygen diffusion from the substrate and EuO layer to the
interface.18 Thus, no sharp interface between a magnetically ordered
insulator and a normal metal persists for this heterostructure. Hence,
we focus on EuO/W heterostructures in the following.

For the investigation of the transport properties, we first perform
angle-dependent magnetoresistance (ADMR) measurements. The ori-
entation of an external magnetic field h with the constant magnitude
l0H is varied in three distinct rotation planes, while the longitudinal
resistivity qlong of the sample is determined as a function of the rota-
tion angle. The current direction j and the surface normal n define our
orthogonal coordinate system via the transverse direction t ¼ n� j
(see illustration in Fig. 2). Utilizing these three-unit vectors, we define
three orthogonal rotation planes for the magnetic field (referred to as
ip, oopj, and oopt, see Fig. 2). Using all three rotation planes, we
analyze the symmetry of the observed magnetoresistance to
determine its origin. We calculate the longitudinal magnetoresistance
MRð/Þ ¼ ½qlongð/Þ=qlongð/ ¼ 90�Þ� � 1 for / ¼ a;b; c. In Fig. 2, we

FIG. 1. Comparison of XPS results for in situ grown EuO/Pt and EuO/W bilayers.
For the bare EuO films prior to Pt or W deposition (red and blue dashed lines), the
Eu 3d5/2 core level exhibits the Eu

2þ main peak and its satellite at the high binding
energy side, indicating ferromagnetic EuO. After the deposition of 4 Å W, the inelas-
tic background is slightly enhanced and only the pure Eu2þ observed (blue solid
line). However, the deposition of 3 Å Pt results in an intense Eu3þ peak, indicating
the overoxidation of the EuO/Pt interface toward paramagnetic Eu2O3 or Eu3O4

(red solid line).

FIG. 2. Angle-dependent magnetotransport at T ¼ 15 K and l0H ¼ 2 T for a
EuO/W heterostructure (black squares) and a bare W film (open blue squares)
utilizing (a) in-plane (ip) rotation plane, (b) out-of-plane perpendicular to j (oopj)
rotation plane, and (c) out-of-plane perpendicular to t (oopt) rotation plane. The
illustrations on the right show rotation plane of the external magnetic field with
respect to the sample and current direction. For EuO/W, we observe in all rotation
planes an angle-dependence of qlong, consistent with the combined action of SMR
and ordinary MR. For the bare W layer, there is no angle-dependence visible in the
ip rotation confirming that the EuO/W interface is necessary to observe the SMR
signature.
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show the obtained results for the bare W reference (blue open squares)
and the EuO/W sample (black filled squares) at T ¼ 15K and
l0H ¼ 2 T.

For the bare W reference sample, we only observe an angle-
dependence for the oopj and oopt rotations with a cos2-dependence
and a maximumMR ¼ 4� 10�4 for h k n. Such a behavior is typical
for an ordinary magnetoresistance (OMR), where the resistance of the
sample increases if the magnetic field is applied perpendicular to the
sample plane. In our samples, this OMR exhibits a quadratic magnetic
field dependence [see Fig. 3(a)]. For the ip rotation plane, we do not
find any systematic angle-dependence within the resolution (MR < 5
�10�6) of our setup [Fig. 2(a)].

For our EuO/W sample, in contrast, we observe an angle-
dependence for the ip rotation, following a cos2 behavior and showing
a maximum of MR ¼ 5� 10�5 at h k j. This angle-dependence and
position of the maximum (i.e., its phase) are consistent with the SMR
for ip rotations in ferrimagnetic insulators, where the magnetization
follows the external magnetic field.1–3,13 In the case of the oopj rota-
tion, the MR exhibits a cos2 dependence and maximum of
MR ¼ 11� 10�5 for h k n. For this rotation plane, both SMR and
OMR of the W layer contribute to the MR. In the oopt rotation plane,
where only the OMR contributes, we observe a cos2 angle-
dependence and a maximum of MR ¼ 7� 10�5. The fact that the
sum of the maximum MR for ip and oopt rotation planes nicely
matches the maximum MR in the oopj rotation and confirms our
assumption that two effects contribute to the MR in the EuO/W sam-
ple: the SMR of the EuO/W interface and the OMR of the W layer.

Moreover, since we do not observe any significant angle-dependence
for the ip rotation in the W reference sample, we conclude that the
EuO/W interface is crucial to observe the SMR effect. The SMR sym-
metry is attributed to spin current transfer across the EuO/W interface
governed by the spin mixing conductance. We note that the OMR
observed in the EuO/W bilayer is reduced by a factor of 6 as compared
to the bare W reference sample. One may attribute this to the differ-
ence in the interface properties of the W layer on EuO and YSZ and
the role of interface scattering for the OMR.

To complement the picture of the angle-dependent MR in our
EuO/W sample, we also investigate the evolution of qlong as a function
of the magnitude of the applied magnetic field l0H for three fixed field
orientations: h k j; h k t, and h k n (see illustration in Fig. 2 for a defi-
nition of these orientations). The results are plotted in Fig. 3(a) for
T ¼ 15K. Obviously, qlong is larger for h k j than for h k t, which is
fully consistent with the SMR nature of the in-plane MR.1–3 For these
two field orientations, moreover, qlong increases gradually with increas-
ing magnetic field magnitude. This weak magnetic field-dependence
may either originate from a small Hanle MR25,26 only present in our
EuO/W bilayer and not in the W reference sample, or a slight mis-
alignment of the magnetic field with respect to the sample plane, such
that the OMR sensitive to the out-of-plane magnetic field component
also contributes in our measurements. As discussed in the supplemen-
tary material, we estimate an upper limit for the Hanle MR contribu-
tion of 0:8� 10�5 T�1 for the EuO/W bilayer. For h k n; qlong
exhibits a pronounced, parabola-shaped magnetic field-dependence,
as expected for an OMR in the W layer.

To complete the picture, we plot the magnetic field-dependence
of the transverse resistivity qtrans for h k n in Fig. 3(b) at 15K for the
EuO/W sample. For large external magnetic fields, we observe a linear
increase with negative slope in qtrans originating from the ordinary
Hall effect in the W layer [dashed red line in Fig. 3(b)]. For small mag-
netic fields, l0H � 3T; qtrans deviates from this linear dependence.
We attribute this deviation to the SMR, which causes an anomalous
Hall-like contribution to qtrans.

2,27 At these small fields, the magnetiza-
tion of the EuO layer is no longer saturated along n, but starts to align
in the sample plane due to the increasing influence of shape
anisotropy.

We carried out field-dependent MR experiments as a function of
temperature (not shown here) for all three field orientations to further
investigate the temperature-dependence of the SMR in our EuO/W
sample. To quantify the SMR from these measurements, we utilize the
SMR expression for qlong from Ref. 2

qlong ¼ q0 þ q1 ð1�m2
t Þ; (1)

with mt the projection of the magnetization orientation m in EuO
onto the t-direction. From the field-dependent MR measurements for
h k j (mt ¼ 0) and h k t (mt ¼ 1), we extract q0 and q1 as illustrated
in Fig. 3(a) for l0H ¼ 250mT, where the magnetization in the EuO is
already saturated within the sample plane, and the influence of the
magnetic field-dependence of qlong is negligible. For qtrans, we write

qtrans ¼ q2mn þ RHl0Hn þ q3 mjmt; (2)

in the framework of the SMR theory2 with mn and mt the projections
of m onto n and j, respectively. In addition, RH is the ordinary Hall
constant and l0Hn is the projection of the applied external magnetic

FIG. 3. Field-dependent magnetotransport for the EuO/W sample at T ¼ 15 K: (a)
qlong as a function of the applied magnetic field for h oriented along j (black dots), t
(red triangles), and n (blue squares). For h k n, we observe a quadratic field
dependence, typical for the OMR in W. (b) qtrans (black symbols) as a function of
the applied magnetic field for h k n. At large magnetic fields, a linear field depen-
dence (dashed red line) originating from the ordinary Hall effect is observed. The
red dashed lines and arrows in both panels illustrate the extraction of q0, q1, and
q2 from these measurements.
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field onto n. For h k n (mj;mt ¼ 0), we extract q2 by linear fitting the
qtrans data for jl0Hj > 4T and extrapolating to zero magnetic field
as indicated in Fig. 3(b). From the linear fit, we also extract
RH � �8� 10�11 XmT�1 for our EuO/W bilayer in agreement with
Hall measurements onW in previous studies.28

The results for q1=q0 and q2=q0 are plotted as a function of tem-
perature in Fig. 4(a). For both SMR contributions, we observe an
increase with decreasing T. The values for q1=q0 seem to saturate at
low temperatures. Interestingly, both contributions vanish at 75K, just
above the Curie temperature Tc � 69K determined from SQUID
magnetometry measurements [see Fig. 4(b)], indicated by the gray-
shaded area in Figs. 4(a) and 4(b). Within our experimental resolution,
we do not find any evidence that the SMR persists above Tc, as, for
example, observed in Cr2O3/Pt bilayers.

29 As discussed further below,
this may originate from the significant reduction of Gr and Gi due to
the localized 4f-electrons contributing to the SMR for Eu2þ as opposed
to the 3d-electrons in Cr3þ. For all investigated temperatures, the
absolute value of q2=q0 is larger than q1=q0, which we attribute to the
facts that Gi > Gr for all temperatures (as quantified below) and
q2=q0 is dominated by Gi, whereas q1=q0 is dominated by Gr. This
finding is exactly opposite to the results obtained in ferrimagnetic
yttrium iron garnet (YIG)/Pt heterostructures with in situ interfaces,
where q1=q0 is always much larger than q2=q0, and compensation
effects significantly reduce Gi.

3,17,30

We now use the extracted temperature-dependent q1=q0 and
q2=q to extract values for the complex spin mixing conductance

G"# ¼ Gr þ iGi of the EuO/W interface. From SMR theory,2 we get
the following expression for q1=q0:

q1

q0
¼ h2SH

tNM
ksf Re

2qNMksfG"#tanh
2 tNM

2ksf

� �

1þ 2qNMksfG"#coth
tNM
ksf

� �
2
6664

3
7775; (3)

with hSH the spin Hall angle, ksf the spin diffusion length, qNM the
resistivity, and tNM the thickness of the NM. For q2=q0, we write
down the following expression from SMR theory:

q2

q0
¼ � h2SH

tNM
ksf Im

2qNMksfG"#tanh
2 tNM

2ksf

� �

1þ 2qNMksfG"#coth
tNM
ksf

� �
2
6664

3
7775: (4)

It is important to note that in most previous reports,2 the above
expressions were approximated for the case of Gr � Gi, a valid
assumption for ferrimagnetic and antiferromagnetic insulators, where
compensation effects17 can drastically reduce Gi. For ferromagnetic
insulators, we need to account for Gr and Gi, which especially leads to
contributions of Gi to q1=q0, mostly neglected for ferri- and antiferro-
magnetic insulators. Assuming ksfqNMGr 	 1 (spin transparency of
the interface far away from the ideal limit), we obtain the following
approximation for Gi by combining Eqs. (3) and (4):

Gi �
q2q

�1
0 � q1q

�1
0 q2q

�1
0 h2SHt

�1
NMk2sfq0tanh

tNM
2ksf

� �� ��1" #

�h2SHt
�1
NMk2sfq0tanh

tNM
2ksf

� � : (5)

Within this approximation, we have set qNM ¼ q0, as q0 is determined
from the field-dependent MR measurements. Gr can then be deter-
mined from Eq. (3) and inserting the approximated Gi. We obtain a
quadratic equation for Gr, such that two solutions for Gr exist. We
select the solution with the correct temperature dependence of the
absolute value of Gr (decreasing with increasing temperature). To
quantify Gr and Gi, we assume temperature-independent
ksf ¼ 1:5 nm and hSH ¼ 0:2 for W taking into account the mixed
phase of a- and b-W in our sample.31 Not accounting for a tempera-
ture dependence of these two parameters is justified by the weak tem-
perature dependence of q of the W layer, as hSH and ksf depend on
the NM resistivity.32,33 For our EuO/W sample, q only changes by
1:4� 10�2 in the investigated temperature range. We want to empha-
size that a change of the assumed values for ksf and hSH will only influ-
ence the absolute numbers of Gr and Gi, but does not affect the
general temperature dependence for the two parameters. The results
of this procedure are shown in Fig. 4(c) as a function of the reduced
temperature T=Tc.

For low temperatures, we find Gr ¼ 4� 1011 X�1 m�2 and
Gi ¼ 3� 1012 X�1 m�2. The obtained values agree well with results
on EuS/Pt.14 Compared to YIG/Pt interfaces,3,30,34 however, the
extracted Gr is significantly reduced for the EuO/W interface, indicat-
ing a lower coupling strength between the mobile electrons in the NM
and the localized electrons of the magnetic moments in EuO. We attri-
bute this observation to the different orbital nature of the localized

FIG. 4. (a) Temperature dependence of q1=q0 and q2=q0 extracted from the field-
dependent magnetoresistance measurements on the EuO/W sample. (b)
Magnetization vs temperature determined from SQUID magnetometry after field
cooling the sample and measuring at zero magnetic field. (c) Extracted values for
Gr (black squares) and Gi (red circles) as a function of the reduced temperature
T=Tc. The black and red line indicate a ðT=TcÞ�3=2-dependence, which agrees
well with the extracted temperature dependence for Gr and Gi in the intermediate
T=Tc-range.
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electrons. For Eu2þ, the localized electrons are in 4f-orbitals, while for
Fe3þ, they are located in 3d-orbitals. Thus, we assume that coupling
effects via orbital overlap are reduced for EuO as compared to YIG,
which reasonably explains the differences between YIG/NM and EuO/
NM interfaces.

For Gr and Gi, we observe a monotonous decrease with increasing
temperature. The temperature-dependence of Gr and Gi is explained
by the influence of thermal fluctuations in the magnetic lattice of the
MOI.17,35,36 In this way, we can describe the temperature dependence
as Gr � ð1� 2n=sÞGrðT ¼ 0Þ and Gi � ð1� n=sÞGiðT ¼ 0Þ, where
n is the density of magnons per unit cell and s is the saturation magne-
tization per unit cell in units of �h. In the limit of a three dimensional
ferromagnet with parabolic magnon band dispersion and an intermedi-
ate T=Tc-range, both Gr and Gi should follow a ðT=TcÞ�3=2 law, i.e.,
they scale inversely as the number of magnons. Indeed for
0:1 < T=Tc < 0:7, the extracted Gr and Gi agree well with a
ðT=TcÞ�3=2 dependence [black and red line in Fig. 4(c)], further con-
firming the theoretical model.

In summary, we present a detailed study of the MR in EuO/W
bilayers. Initial XPS studies on both EuO/Pt and EuO/W heterostructures
revealed a well-defined interface only for the EuO/W system. In this sam-
ple, we find two contributions to the observed MR: SMR and ordinary
MR. We utilize the SMR contribution and its temperature dependence to
quantify Gr and Gi. From this analysis, we find Gi > Gr for our EuO/W
sample consistent with recent experiments on EuS/Pt interfaces. Our
results confirm that in ferromagnetic insulators, a different regime for
spin-transfer torque experiments can be established, where the field-like
symmetry is the dominant contribution. Moreover, our approach to
quantify Gr and Gi provides an alternative approach to investigate the
spin mixing conductance, if the spin transport parameters hSH and ksf
and their temperature dependence of the NM are well known.

See the supplementary material for magnetic hysteresis loops of
the EuO/W bilayer from SQUID magnetometry and a discussion of
the magnetic field dependence of the magnetoresistance in the Eu/W
bilayer andW reference sample.
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