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We report on spin Hall magnetoresistance (SMR) in bilayers composed of Pt and magnetic insulator MgFe2O4 (MFO) with spinel structure. The Pt
thickness dependence of the SMR reveals that annealing of the MFO surface before depositing the Pt layer is crucial for a large SMR with better
interface quality. We also found that oxygen pressure during the MFO growth hardly affects the SMR, while it influences the magnetic property of
the MFO film. Our findings provide important clues to further understanding the spin transport at interfaces containing magnetic insulators,
facilitating development of low power consumption devices. © 2023 The Author(s). Published on behalf of The Japan Society of Applied Physics
by IOP Publishing Ltd

I
n the field of spintronics, generation and transmission of
spin currents have attracted much attention as an avenue
for magnetic memory device application.1) Particularly of

interest is the spin Hall effect (SHE)2) of non-magnetic metals
with strong spin–orbit coupling, such as Pt,3–6) Ta,7–9) and
W.10,11) The SHE generates a spin current that can manip-
ulate magnetization of a neighboring magnetic layer in NM/
ferromagnet bilayers. Recently, the SHE was found to give
rise to the spin-Hall magnetoresistance (SMR), which is an
intriguing spin-dependent transport phenomena in the bi-
layers. So far, the SMR has been mainly studied on magnetic
insulator yttrium ion garnet (Y3Fe5O12, YIG) since the
magnetic YIG layer does not exhibit electric current shunting
that complicates interpretation of spin transport. Through a
number of efforts made in Pt/YIG bilayers,10–19) the SMR has
been established as a powerful way to estimate spin transport
properties.
Spinel ferrites form a class of magnetic insulators with

the formula A2+Fe2O4,
20,21) where A is alkaline-Earth

elements (Mg, Ca) or transition metal elements (Co, Ni).
In contrast to the garnets, a wide variety of magnetism is
realized by choice of the A element in the spinel ferrites;
this motivates us to explore spin transport using the
ferrites. Actually, a sizable SMR has been reported in
Pt/spinel ferrite bilayers.22–30) We choose MgFe2O4

(MFO) in which Fe3+ is the only magnetic ion. The crystal
structure of MFO is a mixture of normal and inverse
spinels; the ratio of the inverse spinel is referred to as an
inversion parameter. One of the merits of MFO thin films
is that the magnetization is a simple function of the
inversion parameter which can be modified by growth
conditions such as oxygen pressure. We also focus on
quality of the interface between MFO and Pt. In most of
the previous reports,10–19,22,23,26,28–30) Pt is ex situ depos-
ited on the magnetic insulators and hence its interface
quality is not well defined. According to the presence or
absence of annealing of the MFO surface before depositing
Pt, we can control the interface quality. Both the magne-
tization and the interface quality can affect the SMR signal
through spin mixing conductance at the interface.

In this letter, we report on the SMR in Pt/MgFe2O4

bilayers by investigating the effect of the interface quality
and the magnetization. We found that the improvement of the
interface quality through the annealing process plays a
significant role in the enhancement of the SMR with large
spin mixing conductance. In contrast, the magnetization
controlled by the oxygen pressure does not have an important
effect on the SMR.
The epitaxial MFO films were grown on MgO(001)

substrates by pulsed laser deposition from a ceramic MFO
target using a KrF excimer laser (λ = 248 nm) at 5 Hz. The
substrate temperature was fixed at 850 °C with the oxygen
pressure of 50 and 100 mTorr. In the bulk form, lattice
constants of the MgO substrate and the MFO are 0.421325)

and 0.8394 nm,31) respectively. The lattice mismatch between
MFO and the doubled unit cell of MgO is −0.38%; we can
expect that coherent epitaxial growth of MFO thin films on
the MgO(001) substrate is easily realized. The crystal
structure and the thickness of the MFO/MgO films were
confirmed by X-ray diffraction. Figure 1(a) shows typical X-
ray 2θ–θ diffraction patterns of the film, indicating peaks of
MFO(004) film around MgO(002) substrate, while we
confirmed that there are no impurity peaks in the wider 2θ
range (not shown). The MFO peaks give the out-of-plane
lattice constants (cfilm) of 0.8366 nm for 50 mTorr and
0.8381 nm for 100 mTorr, which are consistent with the
values in previous reports.32,33) Oscillations are observed
around the MFO(004) reflections, providing the total thick-
ness of MFO of 56.4 nm for 50 mTorr and 50.7 nm for
100 mTorr. Figures 1(b) and 1(c) show the corresponding
reciprocal space mappings around the MFO(113) reflection,
which represent the horizontal axis and vertical axis corre-
sponding to the MFO(110) [or MgO(110)] and MFO(001) [or
MgO(001)], respectively. These results clearly indicate that
the in-plane lattice constant of the film afilm is locked to
0.8426 nm, twice that of the MgO lattice constant.
Coherently strained films are thus realized by in-plane tensile
strain from the substrate. Given that a hypothetical bulk
lattice constant abulk is obtained by the formula

= n n
n

- +
+

( )
( )

a ,bulk
1 c 2 a

1
film film where ν is the Poisson ratio, we
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deduce abulk = 0.8394 nm for 50mTorr and abulk = 0.8402 nm
for 100mTorr under the assumption of ν = 0.3. Since it is
known that the bulk lattice constant linearly decreases with the
inversion parameter,32) we roughly estimate the inversion
parameters for the 50 mTorr and 100 mTorr thin film to be
77% and 70%, respectively; the inversion parameter for the
50mTorr film is larger than that for the 100mTorr film.
Hence, all the diffraction data illustrates that the high-quality
MFO films are epitaxially grown on the MgO(001) substrates
while the inversion parameter is controlled by the oxygen
pressure.
We then measure the saturation magnetization (Ms) of the

MFO films with a superconducting quantum interference
device magnetometer. The magnetization curves in Fig. 1(d)
were measured at 300 K while sweeping an in-plane mag-
netic field ranging from +5 to −5 T, confirming RT
ferromagnetism. The Ms values were determined to be
1.08 μB f.u.−1 (1.36 × 105 A m−1) for 50 mTorr and
1.85 μB f.u.−1 (2.26 × 105 A m−1) for 100 mTorr, similar
to the reported values;33,34) by applying the out-of-plane
magnetic field (not shown), we confirmed that both films
exhibit the in-plane easy axis of magnetization, providing the
effective perpendicular magnetic anisotropy Ku

eff

= −4.20 × 104 J m−3 for 50 mTorr and Ku
eff = −1.83 ×

105 J m−3 for 100 mTorr. The smaller Ms for the 50 mTorr
film is explained by the above-mentioned larger inversion
parameter, since both the Ms and the lattice constant are
reduced as the inversion parameter increases.32,34) The
normalized magnetization curves in the inset indicate that
the saturation field is smaller for 50 mTorr film. While we
speculate that the different saturation field is strongly con-
nected with the inversion parameter as well through the
magnetic anisotropy, it has been unclear how the inversion
parameter correlates with the magnetic anisotropy in the
spinel ferrites; further experimental study is required to
clarify this. Here we focus on the SMR measurements, which
require that the magnetization is saturated at RT. As shown in
the inset of the Fig. 1(d), both films can be actually saturated
at the maximum magnetic field of 1.35 T in our SMR setup.
We accordingly prepared two types of high-quality MFO
epitaxial thin films with different magnetizations.
In order to fabricate Pt Hall bar devices on top of the MFO,

a 1.5 nm-thick Pt layer via shadow mask was deposited by

radio frequency magnetron sputtering with a base pressure of
∼2 × 10−6 Pa and Ar working pressure of 0.4 Pa; dimensions
of the device are 250 μm in width (w) and 625 μm in length
(l). Note that all the examined samples were prepared by
ex situ Pt deposition. Figures 2(a)–2(c) shows a schematic
illustration of the Pt Hall bar device with the coordinate
system for the angular dependence of MR measurement. The
zy, zx, and xy scans represent directions of external magnetic
field (B) corresponding to zy, zx, and xy plane rotations,
respectively; the rotation angle is θ for zx and zy scans, and f
for xy scan. The J is defined as applied charge current flowing
in the x direction. The RL and RT are defined as resistance for
longitudinal and transverse directions, respectively. The
measurements were performed at room temperature with
J = 100 μA for the electrical conductivity (σ) and 1 mA for
the MR.
We describe two types of angle-dependent MR

measurements,12,24) namely, longitudinal and transverse
MR. The longitudinal MR focuses on the RL by a rotating
sample with a fixed B = 1.35 T in three orthogonal planes;
the applied B is sufficiently high to saturate magnetization
(M) in all the planes. The zy scan corresponds to the SMR
that is magnetoresistance due to asymmetry between absorp-
tion and reflection of the spin current generated from the bulk
SHE in NM layer,1,2) resulting in a higher resistance at M//z
and a lower resistance at M//y. The zx scan represents the
anisotropic magnetoresistance (AMR) originating from the
enhanced scattering of conduction electrons from the loca-
lized d- orbitals in the bulk ferromagnetic metals,35) resulting
in higher resistance at M//x and lower resistance at M//z.
Since we expect no contribution of the AMR due to
insulating MFO, the xy scan stems from the SMR, similar
to the zy scan. In the same manner as the longitudinal SMR,
the transverse MR is performed by measuring RT in xy plane,
corresponding to the SMR. Therefore, we express long-
itudinal SMR/AMR and transverse SMR by the general
form;12,22)

q j= - D ( ) ( )R R R sin , 1L 0 L
2

j= D ( ) ( )R R sin 2 , 2T T

where ºR R0 (M//x), ΔRL is the longitudinal resistance
difference when the M sufficiently saturates along z axis

(a)
(b) (c) (d)

Fig. 1. (a) 2θ-θ scan of MgFe2O4(MFO) grown on the MgO substrate with an oxygen pressure of 50 mTorr (blue) and 100 mTorr (red) at substrate
temperature Tsub = 850 °C. The black dot line and black circles indicate the MgO(002) and the MFO(004) orientations, respectively. Reciprocal space mapping
around the MFO(113) film peak with oxygen pressure of (b) 50 mTorr and (c) 100 mTorr. (d) Magnetization curves measured at 300 K for the film along the
in-plane direction with an oxygen pressure of 50 mTorr (blue) and 100 mTorr (red).
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and y (x) axis directions for SMR (AMR) with B, ΔRT is the
transverse resistance difference when the M sufficiently
saturates along y axis and x axis directions with B.
Figure 2(d) exemplifies the angle dependence of the

longitudinal MR in zy, zx, and xy planes for the 1.5 nm-thick
Pt Hall bar device deposited on the 50 mTorr-MFO films.
The result exhibits apparent MR curves with the same
amplitude of ΔRL > 0 in zy and xy planes, and invisible
MR curve with ΔRL » 0 in zx planes. This explains
sufficient SMR and negligible AMR, in agreement with the
above description. We note that all of the results here exclude
the magnetic proximity effect (MPE), which would cause
sizable AMR, in accordance with previous studies.27,29,30)

Accordingly, RL and ΔRL indicate the longitudinal SMR
contribution hereafter. The angle-dependent transverse MR is
also shown in Fig. 2(e), which exhibits a clear curve with
amplitude of ΔRT > 0 due to the SMR. Following Eqs. (1)
and (2), the ΔRL(T) and R0 were obtained by the fit on the
longitudinal and transverse SMR curves in Figs. 2(d) and
2(e). Normalized longitudinal and transverse SMR are
defined as L-SMR = ΔRL/R0 and T-SMR = (ΔRT ×
w/l)/R0; the dimensional factor w/l is considered for
the transverse SMR, providing L-SMR = 0.067% and
T-SMR = 0.046%. Note that while both the SMR is
considered to have physically the same origin as found in
prior studies,12,22) the larger L-SMR than the T-SMR would
possibly be from insufficient accuracy of the dimensions of
the Pt-Hall bar structure via the shadow mask; the sputtered
Pt particles can be moved into the gap between the mask and
the MFO film. In contrast, the above-mentioned studies12,22)

used the Hall-bar structure with well-defined dimensions
fabricated by lithography technique. We expect that the ratio
of L-SMR is more accurate compared to the T-SMR since the
corresponding dimensions are larger for L-SMR.
We examined the SMR as a function of Pt thickness (t),

where the t was changed from 1.5 to 8 nm. Here, we prepare
three bilayer samples for comparison. The bilayers, including

the MFO films grown under 50 mTorr and 100 mTorr, are
labeled as 50 mTorr and 100 mTorr, respectively. The bilayer
including the MFO film grown under 50 mTorr with
annealing process is labeled as 50 mTorr-anneal, where the
annealing process was carried out in the base pressure of the
sputtering chamber (~10−7 Torr) for 1 h at 400℃ before the
Pt deposition. The SMR data is displayed in Figs. 3(a)–3(c),
all of which exhibit the decreased amplitude with increasing t
and the maximum amplitude at 1.5 nm. Among three
samples, the 50 mTorr-anneal has the largest amplitude
∼0.09% for L-SMR and ~0.07% for T-SMR, suggesting
the significant spin injection across the Pt/MFO interface. We
estimated the spin mixing conductance Gr and the spin
diffusion length λ of Pt layer as described in
Refs. 11, 12, 22, 26.

q
l l

s l
- =

+

l

l





( )
( )( ) ( )

t

G

G
L T SMR

2 tanh

2 coth
. 3

r
t

r
tSH

2
2

2

Assuming the spin Hall angle θSH = 0.1010,26) of Pt, we fit
this data in Fig. 3 to Eq. (3). The t-dependent σ was obtained
from our experiment with a theoretical model12,13) since the σ
of Pt on MFO film is not constant in thinner t range. We
confirm that the Pt quality is almost the same in all of the
Pt/MFO bilayers, indicating that the extracted interface
resistivity and bulk mean free path are comparable to the
previous studies.36–38) The SMR data of all the samples is
nicely fitted, yielding the values of Gr and λ. While these
values are comparable to many reported values in the
literature of Pt/magnetic insulator bilayers,10–19,26–29) we do
not further discuss the λ since our focus is the Gr that greatly
influences the SMR; the λ ranges from 0.8 to 1.3 nm,

(a) (b) (c)

Fig. 3. (a) The longitudinal and transverse SMR ratios as a function of Pt
thickness with various conditions: oxygen pressure of (a) 50 mTorr and (b)
100 mTorr without annealing treatment, and (c) that of 50 mTorr with
annealing process. Black solid curves denote fitting result based on the SMR
model in Eq. (3).

(a)

(b)

(c)

(d)

(e)

Fig. 2. (a–c) Definition of the coordinate system and schematic illustration
of a Pt Hall bar device. The zy, zx, and xy scans represent directions of the
external magnetic field corresponding to zy, zx, and xy plane rotations,
respectively. The J is defined as the applied charge current, where it flows in
the x direction. During the application of the J, resistance of the longitudinal
and transverse directions (RL, RT) are measured. (d) Angle dependence of the
longitudinal magnetoresistance obtained from zy, zx, and xy scans in a Pt
(1.5 nm)/MFO/MgO substrate. (e) The corresponding result of the transverse
SMR obtained from the xy scan.

Table I. Summary of the extracted spin mixing conductance, Gr

W- -( )10 m ,14 1 2 for L-SMR and T-SMR in all the samples.

50 mTorr 100 mTorr 50 mTorr-anneal

L-SMR 3.5 ± 0.3 4.0 ± 0.1 5.3 ± 0.1
T-SMR 2.5 ± 0.3 2.7 ± 0.2 3.8 ± 0.2
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consistent with previous reports.3,4,12,19,29) Here, all the
values of Gr is summarized in Table I.
The Gr for the 50 mTorr-anneal is larger by 40% or more

than those for the 50 mTorr and 100 mTorr, which are
roughly comparable to each other; the similar trend found in
L-SMR and T-SMR indeed indicates the validity of our
experimental evidences. This enhancement of the SMR
demonstrates that the interface of the 50 mTorr-anneal is
likely to be improved due to the annealing process since all of
the samples involve exposure of the MFO surface to air
before Pt deposition. A similar annealing process is reported
to be effective in cleaning the Pt/YIG interface without any
change of the film crystallinity while the process can remove
the surface adsorbate.17) We therefore expect that the anneal
temperature of 400 °C in our case is effective in removing the
water molecules while the temperature is too low to affect the
crystal structure and/or crystallinity of our MFO films since
the stabilization of the crystal structure during the deposition
requires the substrate temperature to be as high as 850 °C. In
contrast, the similar SMR magnitude between the 50 mTorr
and 100 mTorr indicates that the magnetization does not
influence on the SMR considering that the oxygen pressure
increases the magnetization of the MFO film discussed in
Fig. 1(d). It is known that SMR in Pt/spinel ferrite NiFe2O4

(NFO) bilayers is enhanced by increasing the magnetization,
which is obtained by increasing the oxygen pressure during
the growth of the NFO films;30) the result is attributed to be a
weak magnetization of the Pt stemming from the MPE.
Taking into account that the MPE is experimentally excluded
in our case of Pt/MFO as discussed above, our results suggest
that the SMR is independent of the magnetization in the
absence of the MPE. Thus, our result clearly demonstrates
how the spin mixing conductance Gr correlates with the two
significant factors of the interface between NM and magnetic
insulators, that is, the interface quality and the magnetization,
providing fruitful information to clarify the spin transport
based on magnetic insulators. Moreover, a non-magnetic
spinel oxide replaced from Pt enables us to grow all oxide
epitaxial structure, highlighting that the high-quality interface
can be a good platform for pursuing intriguing spin-current
physics. One of the suitable candidates is LiIr2O4,

39) which
would be an efficient spin current source since recent reports
have shown large spin current generation arising from 5d
iridium oxides40–45) with strong spin–orbit coupling. In
addition to the SMR measurement, other approaches such
as the spin pumping measurement would provide further
understanding of the oxide interface based on the spinel
ferrite.
In conclusion, we have studied the effects of interface

quality and magnetization on spin transport, by investigating
the longitudinal and transverse SMR of Pt films deposited on
epitaxial magnetic insulating MFO films. While the effect of
the oxygen pressure is critical in magnetization, it is not
significant in the SMR with the similar G .r As found in the
largest Gr in the 50 mTorr-anneal, the interface quality has
the more important effect on spin transport at interface. These
results may have profound implications for efficient charge to
spin current generation, enabling the design of future
spintronic devices based on magnetic insulators.
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