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ABSTRACT: Co,Fe;_,O,(CFO)/Pt bilayers prepared by molecular beam epitaxy were Magnetic Prgximity Effect

investigated for the anomalous Hall effect and X-ray magnetic circular dichroism (XMCD). We Pt
found that the anomalous Hall effect originates from a magnetic proximity effect at the CFO/Pt
interface. The XMCD signal in the Pt L-edge was obtained only for the sample deposited at 600
°C, indicating that the magnetic proximity effect is sensitive to the interface structure.
Transmission electron microscopy images of the CFO/Pt interface and XMCD measurements of
Co and Fe L-edges do not provide direct evidence for interfacial atomic diffusion or alloying. In
summary, these results suggest that the magnetic proximity effect is robust for transport properties,

(Nonmagnetic Heavy Metal)

L

Magnetization

Co,Fe; 0,
(Ferrimagnetic Insulator)

such as the anomalous Hall effect, while the induced magnetic moment depends on slight
differences in the interfacial structure, such as the presence or absence of interfacial oxygen ions.

1. INTRODUCTION

Recently, charge-to-spin current conversion phenomena via
spin—orbit interactions have been intensively investigated in
the field of spintronics. In particular, the spin Hall effect using
heavy metal (HM) elements can directly convert a charge
current into a spin current,”> and various useful phenomena
have been reported in bilayers with ferromagnetic insulators
(FMIs) through angular momentum exchange at the HM/FMI
interface. Since the spin current can propagate into the FMI
but the charge current cannot, the FMI can separate the
transport properties between charge and spin currents. The
spin Hall magnetoresistance (SMR)*~> and spin—orbit torque
(SOT) effects®™® are examples that have a high potential for
application in the operation of high-performance spintronics
devices.

In addition to these spin dynamics that occur at the HM/
FMI interface, static effects, such as the magnetic proximity
effect (MPE),” which induces ferromagnetism in a non-
magnetic HM through interfacial exchange interaction, also
need to be investigated. The induced ferromagnetism has been
examined in terms of the anomalous Hall effect and an
anisotropic magnetoresistance effect in the HM layer.'”"”
One significant issue with the MPE is the difficulty of
experimentally detecting induced magnetic moments of HMs.
First-principles calculations predict that magnetic moments on
the order of 1072 yy/atom are induced in Pt.'>'* On the other
hand, both X-ray magnetic circular dichroism (XMCD) and X-
ray resonant magnetic reflectivity (XRMR) are powerful tools
for investigating this induced magnetism. Significant Pt
magnetic moment signals cannot be detected by XMCD in
the Y;Fe;0,,/Pt"* and CoFe,0,/Pt'°™'* systems or by XRMR
in the NiFe,0,/Pt system.'” Previous XMCD reports of

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

CoFe,0,/Pt grown by pulsed laser deposition (PLD) found
alloying at the interface in Pt deposited at high temperatures
(400 °C).”" Since this magnetic signal originates not from the
MPE but from the alloying at the interface, the appearance of
induced magnetic moments in Pt largely depends on the
interfacial structures. This suggests that the MPE depends on
the growth temperature and growth mode, such as molecular
beam epitaxy (MBE), PLD, or sputtering deposition. This
arises from the difference in kinetic energies, with atoms
deposited by MBE having lower kinetic energies than those
deposited by sputtering, which suppresses the diffusion of
atoms at the interfaces. In the first-principles calculation, even
with alloying, slight differences in the interface structure such
as differences in the Pt neighbor atom greatly contribute to the
magnetic moment of Pt.”'* Therefore, it is necessary to
investigate the interface structure in more detail in order to
understand the MPE in HM/FML

In this study, we employ MBE for the growth of CFO/Pt
bilayers to understand the MPE by comparison with an
interface prepared by sputtering in a previous study.”’ The
interface structure of CFO/Pt can also be controlled by the
deposition temperature of Pt. Therefore, we aim to clarify the
interfacial atomic structures and element-specific electronic
and magnetic structures in CFO/Pt by high-resolution
scanning transmission electron microscopy (HR-STEM) and
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Figure 1. (a—d) HR-STEM images and analysis of CFO/Pt@100. (a) HAADF image of the Co,Fe,_,O,/Pt interface. (b) FFT filtering image of
the Co,Fe;_,0,/Pt interface. (c) FFT-processed pattern of the Pt layer. (d) Simulated electron diffraction pattern of Pt. The electron beam was
introduced along the [110] direction. (e—h) HR-STEM images and analysis of CFO/Pt@600. (e) HAADF image of the CFO/Pt interface. (f)
FFT filtering image of the CFO/Pt interface. (g) FFT processed pattern of the Pt layer. (h) Simulated electron diffraction pattern of Pt. The

electron beam was introduced along the [100] direction. Panels (d, h) were prepared using ReciPro software.
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XMCD depending on the growth conditions by using MBE.
Hall measurement in CFO/Pt was also performed to evaluate
the MPE.

2. EXPERIMENTAL METHOD

All samples were prepared by reactive MBE at base pressures
on the order of 107 Pa. Sample structures were MgO (001)
substrate/ MgO (20 nm)/NiO (S nm)/Co,Fe;_,0, (CFO)
(50 nm)/Pt (tp, nm). MgO substrates (20 X 20 X 0.5 mm?)
were ultrasonically cleaned using acetone, ethanol, and water
before loading into the MBE chamber. Substrates were
annealed at 600 °C for 30 min to remove hydroxide from
the surface and to obtain a flat surface. An MgO buffer layer
(20 nm) was deposited at 400 °C at a deposition rate of 0.3 A/
s to improve the surface flatness. A buffer NiO layer was
deposited at 300 °C at a deposition rate of 0.15 A/s to prevent
Mg atomic diffusion into the CFO layer. The CFO film (50
nm) was fabricated by codeposition of Co and Fe in an
atmosphere of oxygen radicals (Po« = 1.0 X 107 Pa). The
CFO growth temperature was set to 300 °C with a deposition
rate of 0.3 A/s, and then, the films were annealed at 450 °C for
30 min in an oxygen atmosphere of 1.0 X 107> Pa. To improve
the perpendicular magnetic anisotropy of CFO, an Fe-rich
composition was employed, typically Co/Fe = 1:10.
Perpendicular magnetic anisotropy is considered advantageous
for observing anomalous Hall effects in Hall measurements,
where a magnetic field is applied perpendicular to the plane.
Subsequently, the Pt layer was deposited at a deposition rate of
0.2 A/s. Several films were prepared with Pt layers deposited at
various temperatures (100, 200, 300, 400, 500, and 600 °C).

In order to evaluate the MPE systematically, the thickness of
the Pt layer was fixed at 1 nm to enhance the MPE and
maintain the metallic conductance, except for the transmission

electron microscopy observation and the evaluation of
thickness dependence of Pt.

For the Hall effect measurements, the CFO/Pt film was
patterned into Hall bars (length, I = 1500 ym; width, w = 100
um) using a standard photolithography system by Ar-ion
milling. Direct current (DC) (I = 1 mA) was applied for all
Hall measurements, and the transverse voltage was measured
by sweeping the magnetic field perpendicular to the plane.

The interfacial structure of CFO/Pt was confirmed by cross-
sectional HR-STEM (FEI, Titan3 G2 60—300). Magnetic
properties of the Co,Fe;_, O, films were evaluated by using a
superconductive quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS3).

X-ray absorption spectroscopy (XAS) and XMCD measure-
ments for the Pt L-edge (2p — Sd transition) were performed
at BL39XU in the SPring-8 synchrotron radiation facility. In
these measurements, fluorescence yield mode was employed.
The photon helicity was fixed and a magnetic field of +1.9 T
was applied parallel to the incident polarized hard X-ray beam.
For Co and Fe L-edges, XAS and XMCD were performed at
BL-7A in the Photon Factory at the High-Energy Accelerator
Research Organization (KEK-PF). The photon helicity was
fixed, and a magnetic field of +1.2 T was applied parallel to the
incident polarized soft X-ray beam to obtain the absorption
signals, defined as p* and p~ spectra. Total election yield
(TEY) mode was adopted, and all measurements were
performed at room temperature (RT). The XAS and XMCD
measurement geometries were set to normal incidence so that
the directions of the photon helicity axis and the magnetic field
were parallel and normal to the surface, enabling measurement
of the absorption processes involving the normal components
of the spin and orbital magnetic moments.

https://doi.org/10.1021/acsomega.3c00935
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Figure 2. XAS and XMCD spectra of Fe and Co L-edges for (a) CFO/Pt@500 and (b) CFO/Pt@600. Insets show the XMCD hysteresis curves

taken at the photon energy of Fe**(Oy).

3. RESULTS AND DISCUSSION

3.1. Interface Investigations. Cross-sectional STEM
observations were performed to evaluate the interfacial
structure of CFO/Pt. Figure 1a shows the interfacial structure
of CFO/Pt in which the Pt layer was deposited at 100 °C
(hereafter referred to as CFO/Pt@100). The HR-STEM high-
angle annular dark field (HAADF) image and Fourier
transformation (FFT) filtering image of Figure la exhibited a
sharp interface of CFO/Pt@100, indicating negligible atomic
interdiffusion at the interface (Figure 1b). The large difference
in the contrast between Pt and CFO in CFO/Pt@100 is
considered to be attributed to not only the difference in
electron scattering capacities but also the technical issue of
preparation of the TEM sample such as thicker thickness of the
TEM sample at the observation position. An HR-STEM image
of the sample of Pt deposited at 600 °C (hereinafter referred to

24877

as CFO/Pt@600) is shown in Figure le. The slight blurring of
the interface was not due to the diffusion of atoms at the
interface, but rather due to the blurred contrast between Pt and
Co and Fe because of the significantly different electron
scattering capacities due to the difference in atomic number.
This blurring can be removed by FFT filtering, allowing only
the lattice image to be extracted. Figure 1f shows the FFT-
filtered image of the CFO/Pt interface of CFO/Pt@600. At
the CFO/Pt interface, a discontinuous change from a spinel
structure to a face-centered cubic lattice was observed, with
negligible Pt diffusion or alloying. This result is different from
previous reports of alloy forming at the CFO/Pt interface by Pt
deposition at high temperatures (400 °C)*° because of the
difference in the deposition methods. In sputter deposition,
diffusion and reaction at the interface are promoted at a
deposition temperature of 400 °C since the target atoms
possess high kinetic energy at the surface. In MBE, in which
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the energy of ad-atoms is low, the diffusion and reaction at the
interface during deposition are suppressed, resulting in a
relatively sharp interface even at a high temperature of 600 °C.
Figure 1c shows an image of the FFT process applied to the Pt
layer of CFO/Pt@100, which represents a pseudo-electron
diffraction pattern of Pt. This FFT pattern is similar to the
electron diffraction pattern of Pt along the [110] incidence
beam, which is one of the crystal band axes of the (111) plane
(Figure 1d). This means that Pt was grown nonepitaxially on
the CFO (001) plane, thus forming a texture of the Pt (111)
plane. This result suggests the growth of the Pt layer along the
(111) direction on the CEO (001) plane.”* However, the FFT-
processed image of the Pt layer of CFO/Pt@600 was found to
be the [100] incident electron diffraction pattern of Pt (Figure
1g,h). This suggests that the Pt layer maintains epitaxial growth
on Co,Fe,_,0, (001) by deposition at 600 °C, which is
consistent with the epitaxial growth of Pt on MgO.”>** In
addition, in-plane tensile strain is also introduced in the Pt
through epitaxial growth on CFO. This epitaxial strain could
contribute to modulating the electronic structure of Pt.

To survey the interfacial electronic and magnetic states of Fe
and Co sites, XMCD measurements at the Co and Fe L-edges
were performed on CFO/Pt@500 and CFO/Pt@600. Figure
2a shows the XAS and XMCD spectra of CFO/Pt@500 for the
Fe and Co L-edges. The XAS intensities of Co are suppressed
owing to the composition ratio of 1:10, resulting in a
composition of Coy,,Fe,7;0, with x = 0.27. The CFO with
low Co composition exhibits perpendicular magnetic aniso-
tropy (PMA).>>*® The intensity ratio of XMCD to XAS is
estimated to be S and 47% for the Fe and Co L; edges,
respectively. The XAS and XMCD line shapes for Fe L edges
show distinctive features due to three kinds of Fe states (Fe**
in Oy, Fe** in Ty, and Fe** in O,). For the Fe L edges, although
the difference in XAS is small, clear differential XMCD line
shapes are detected. The Fe* state with T symmetry exhibits
an opposite sign, which is common for spinel-type ferrite
compounds. The XMCD hysteresis curves taken at the
Fe’*(0,) peak photon energy are also displayed. The shapes
of hysteresis curves are different between 500 and 600 °C,
which is consistent with the SQUID measurements. Large
XMCD signals in the Co L edge correspond to contribution of
the Zggl;ital moment through the distorted Co** (3d”) O,
site.”™

The Pt growth-temperature dependence of XMCD indicates
the stability of Co,Fe;_,O,/Pt interface structures between
CFO/Pt@500 and CFO/Pt@600, except for the peak
intensity ratio of Fe?* (0) components (Figure 2b). Since
XAS and XMCD spectra in the TEY probe down to a depth of
less than 3 nm from the sample surface, the interfacial regions
can be detected clearly. A slight increase in the Fe**(O,)
component in 600 °C growth corresponds to the interfacial
off-stoichiometry. The XMCD spectra of Fe were hardly
dependent on the Pt film formation temperature, and the three
peaks unique to the spinel oxide of Fe were maintained at
CFO/Pt@600. This is a significant difference from the earlier
work.”® Consequently, there is no evidence of alloying or
formation of other peculiar interface structures. From the
results of HR-STEM and XMCD of Fe, the CFO/Pt interface
is very well-defined and the interfacial diffusion is negligible.

Magnetic properties of the entire samples along the
perpendicular magnetic fields were evaluated by SQUID. As
shown in Figure 3, perpendicular magnetization was observed
for both the CFO/Pt@100 and CFO/Pt@600 samples.

600 T
—— CFO/Pt@100
400+ —— CFO/Pt@600 =l

200 - E

0

—-200 h

Magnetization (kA m™")

-400 | 1

-600 1
-2 -1 0 1 2

Magnetic field (T)

Figure 3. Magnetic hysteresis loops of CFO/Pt@100 and CFO/Pt@
600 taken at RT. The magnetic field was applied perpendicular to the
plane.

Therefore, the effect of Pt deposition temperature on the
magnetic properties of the Co,Fe;_,O, layer can be considered
to be small. The difference in magnetic properties such as
coercive field and remanent magnetization ratio is attributed to
compositional deviation due to the codeposition of Co and Fe
in CFO.*"*

3.2. Anomalous Hall Effect in the Pt Layer. First, we
evaluated the conductivity of Pt and CFO for transport
measurements. The resistivity of Pt (1 nm) and CFO (50 nm)
was found to be 62 X 107 Q cm and at least the order of 10°
Q cm, respectively. Therefore, CFO can be regarded as an
insulator, and it is assumed that the current flows only in Pt in
the CFO/Pt bilayers. Then, we measured the anomalous Hall
effect to explore the ferromagnetism of 1 nm thick Pt. We
estimated the effective Pt film thickness (£51) and longitudinal
resistivity (pc), which were used for analyzing the Hall
resistivities (p,y) from the thickness dependence of the
resistance (see Section S1). Figure 4a shows the Hall
conductivities (o, = —pan/ (Pe)2) at RT for CFO/Pt@100
and CFO/Pt@600. An anomalous Hall effect with hysteresis
was obtained for CFO/Pt for all Pt deposition temperatures.
Since CFO is an insulator, the electric current flows only in the
thin Pt layer, and therefore, the anomalous Hall effect could be
attributed to the Pt layer. The ferromagnetic behavior of Pt in
the transport properties is similar to that reported in previous
studies, and the magnitudes are comparable.lz’29 The
anomalous Hall effect was observed in all samples of Pt
deposited at 100 °C to 600 °C. We further confirmed that this
anomalous Hall effect of Pt is not spin Hall magnetoresistance
(SMR) origin (see Section S2). The scaling relationship for the
anomalous Hall effect was applied to estimate the mechanism
of the Pt anomalous Hall effect.*® For analysis of the scaling
relationship, the anomalous Hall conductivity is defined as the
value at an external magnetic field H = 1 T(o,(1 T)). 641 Was
nearly constant, regardless of longitudinal conductivities (ot =
1/p%), as shown in Figure 4b. In addition, the conductivity of
Pt is 10° < 6, < 10* Q7' cm™', which belongs to the dirty
metal limit to the intermediate regime.30 In this region, the
interband transition rather than extrinsic scattering is dominant
and o,y is constant and independent of o,,. This behavior is
also known for SrIrO; heterostructures, and the obtained o,y
is also comparable in magnitude.”’ On the other hand, this
behavior is not known for the anomalous Hall effect caused by
the magnetic proximity effect, suggesting that the anomalous
Hall effect of CFO/Pt in this study is the intrinsic mechanism.
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Figure 4. (a) Hall conductivity for CFO/Pt@100 and CFO/Pt@600.
(b) 64y versus o2 at H = 1 T. Both values were calculated using eq
S1. See Section SI for details. 200, 300, 400, 500, 600 in the figure
correspond to CFO/Pt@200, CFO/Pt@300, CFO/Pt@400, CFO/
Pt@500, CFO/Pt@600, respectively.

To explore the induced magnetism of Pt, we performed
XMCD measurements at the Pt L edges. Figure Sa shows the
XAS and XMCD spectra at the Pt Ly edge of CFO/Pt@500
measured at RT. We applied a magnetic field of 1.9 T, which is
sufficient to saturate the magnetization of CFO (see Figure 3).
The XMCD signal was almost zero across the entire energy
range, implying that the magnetic moment of Pt is negligible,
at most pp, < 0.001 pp/atom, which is consistent with previous
reports.' *'** However, the CFO/Pt@600 sample exhibited a
significant XMCD signal, although the shape of the XAS
spectrum remained unchanged (Figure Sb). In contrast to the
results of the Hall-effect measurements, the XMCD showed
that signals originating from the ferromagnetism of Pt were
obtained only for CFO/Pt@600. See Sections S2 and S3 for
the analysis of the magnitude of the magnetic moment of Pt.

One reason for the significant dependence of Pt-XMCD on
the deposition temperature may be the oxide ions at the
interface. In the preparation process, we deposited Pt following
the deposition of Fe and Co in the oxygen-radical atmosphere.
Therefore, oxygen atoms existed on the surface of CFO before
Pt deposition at low temperatures. The oxygen layer at the
CFO/Pt interface could interfere with the electronic
interaction between Pt and Co/Fe ions. For CFO@600,
surface oxygen could be removed by high temperature. The
absence of oxide ions at the interface allowed direct interaction
between Pt and Co/Fe ions. Therefore, a clear magnetic
moment of Pt originating from the MPE was observed by
XMCD measurements. However, the XMCD and XAS spectra

maintained in all samples. It has been reported that the
oxidation state of the interface has a considerable influence on
the magnetic properties in heterostructures containing
oxides.'”** Therefore, it is thought that the magnetic moment
in Pt was induced by the direct contact between Pt and Fe or
Co cations in CFO (Figure 5c,d). Another possible reason is
the difference in the growth direction of Pt at different
deposition temperatures. At CFO/Pt@100, Pt had a textured
structure on the (111) plane, but at CFO/Pt@600, the Pt layer
grew epitaxially against the CFO (001) plane. Although this
could change the interaction with CFO or change the
electronic structure of Pt due to the introduction of epitaxial
strain (Figure le—h), evaluation using first-principles calcu-
lations is required to obtain a detailed understanding.

Considering the above results, we discuss the relationship
between the anomalous Hall effect and induced moments of Pt
in CFO/Pt via the MPE. While the anomalous Hall effect was
observed in all CFO/Pt, regardless of the deposition
temperature of Pt (Figure 4a,b), finite induced moments of
Pt were observed in only CFO/Pt@600 (Figure Sab). This
disagreement between the XMCD and the anomalous Hall
effect measurements can be attributed to the difference in
detected electrons, with the former detecting excited photo-
electrons from the core levels (5d), while the latter detects
conduction electrons (Ss) during current flow. The anomalous
Hall effect is observed, which means that the 6s electrons of Pt
are spin-polarized because the Hall measurement detected the
majority carriers of Pt 6s electrons.””*® Normally, the spin
accumulation caused by the spin Hall effect in Pt** is
equivalent on the left and right sides; hence, AV, & pyy = 0.
AV, represents the electromotive force generated in the
direction perpendicular to the current flow. If the 6s electrons
are spin-polarized, one of the spin accumulations on the left or
right side will be larger than the other, resulting in a transverse
electromotive force; hence, AV,, « pay # 0. Therefore, it is
considered that spin-polarized Pt 6s electrons produce the
anomalous Hall effect. On the other hand, XMCD detects the
5d electrons of Pt, which means that the spin polarization of
these 6s electrons cannot be detected.

4. CONCLUSIONS

In summary, we fabricated CFO/Pt bilayers with a well-
controlled interface structure by MBE at different Pt
deposition temperatures. The anomalous Hall effect was
obtained, regardless of the Pt deposition temperature, which
is thought to reflect the magnetic properties of the CFO layer
via the MPE. However, XMCD of Pt was obtained only for the
sample of Pt deposited at 600 °C, indicating that the interface
structure contributes to the MPE. The HR-STEM and XMCD
measurements of Co and Fe revealed no alloying at the
interface. It is suggested that the slight differences in the
interface structure such as an absence of oxygen ions at the
interface are important for the appearance of the MPE in Pt.
We believe that the results obtained in this study provide
certain conclusions about the presence of MPE, which has
been a topic of discussion for many years. Furthermore, the
anomalous Hall effect was observed even in the sample, in
which the induced moment was not obtained, suggesting that
the MPE is more significant in transport properties, such as the
anomalous Hall effect than in magnetic properties such as the
induced magnetic moment. We expect that this result provides
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Figure 5. (a) XAS and XMCD spectra of Pt L-edge for CFO/Pt@500 measured at RT under an applied magnetic field of 1.9 T. (b) XAS and
XMCD spectra of Pt L-edge for CFO/Pt@600 measured at RT under an applied magnetic field of + 1.9 T. Interface structure of Co,Fe;_O,/Pt
(c) with oxide ion and (d) without oxide ion at the interface. Panels (c, d) were rendered using VESTA software.*®

important information for the application of FMI/HM bilayers
to spintronics devices.
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1 nm thickness of Pt on CFO is very thin, suggesting
that the effective film thickness contributing to electrical
conduction (£5) is reduced to less than 1 nm; since the
deposition temperature of Pt was significantly changed
from 100 to 600 °C, £ among the CFO/Pt@100 to
CFO/Pt@600 samples possibly varied due to the
increase in surface roughness (Section S1); spin Hall
magnetoresistance (SMR) effects can contribute to
anomalous Hall effects in FMI/HM systems such as
CFO/Pt (Section S2); measured XMCD signal of Pt is
analyzed by the magneto-optic sum rule (Section S3);
and thickness dependence of the magnetic moment of Pt
(Section S4) (PDF)
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