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Spin absorption at a ferromagnetic-metal/platinum-oxide interface
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We investigate the absorption of a spin current at a ferromagnetic-metal/Pt-oxide interface by measuring
ferromagnetic resonance. The spin absorption was characterized by the magnetic damping of the heterostructure.
We show that the magnetic damping of a Nig;Feyo film is clearly enhanced by attaching Pt oxide on the Nig; Fe9
film. The damping enhancement disappears by inserting an ultrathin Cu layer between the Nig, Fe 9 and Pt-oxide
layers. These results demonstrate an essential role of the direct contact between the Nig;Fe 9 and Pt oxide to
induce sizable interface spin-orbit coupling. Furthermore, the spin-absorption parameter of the Nig; Feo/Pt-oxide
interface is comparable to that of intensively studied heterostructures with strong spin-orbit coupling, such
as an oxide interface, topological insulators, and metallic junctions with Rashba spin-orbit coupling. This
result illustrates strong spin-orbit coupling at the ferromagnetic-metal/Pt-oxide interface, providing an important
piece of information for quantitative understanding of the spin absorption and spin-charge conversion at the

ferromagnetic-metal/metallic-oxide interface.
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I. INTRODUCTION

An emerging direction in spintronics aims at discovering
novel phenomena and functionalities originating from spin-
orbit coupling (SOC) [1]. An important aspect of the SOC
is the ability to convert between charge and spin currents.
The charge-spin conversion results in the generation of spin-
orbit torques in heterostructures with a ferromagnetic layer,
enabling manipulation of magnetization [2—4]. Recent stud-
ies have revealed that the oxidation of the heterostructure
strongly influences the generation of the spin-orbit torques.
The oxidation of the ferromagnetic layer alters the spin-orbit
torques, which cannot be attributed to the bulk spin Hall
mechanism [5—7]. The oxidation of a nonmagnetic layer in the
heterostructure also offers a route to engineer the spin-orbit
devices. Demasius et al. reported a significant enhancement
of the spin-torque generation by incorporating oxygen into
tungsten, which is attributed to the interfacial effect [8]. The
spin-torque generation efficiency was found to be significantly
enhanced by manipulating the oxidation of Cu, enabling us
to turn the light metal into an efficient spin-torque generator,
comparable to Pt [9]. We also reported that the oxidation of Pt
turns the heavy metal into an electrically insulating generator
of the spin-orbit torques, which enables the electrical switch-
ing of perpendicular magnetization in a ferrimagnet sand-
wiched by insulating oxides [10]. These studies have provided
valuable insights into the oxide spin orbitronics and shown a
promising way to develop energy-efficient spintronics devices
based on metal oxides.

The SOC in solids is responsible for the relaxation of
spins, as well as the conversion between charge and spin
currents. The spin relaxation due to the bulk SOC of metals
and semiconductors has been studied both experimentally and
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theoretically [11-14]. The influence of the SOC at interfaces
on spin-dependent transport has also been recognized in the
study of giant magnetoresistance (GMR). The GMR in Cu/Pt
multilayers in the current-perpendicular-to-plane geometry
indicated that there must be a significant spin-memory loss
due to the SOC at the Cu/Pt interfaces [15]. The interface
SOC also plays a crucial role in recent experiments on spin
pumping. The spin pumping refers to the phenomenon in
which precessing magnetization emits a spin current to the
surrounding nonmagnetic layers [12]. When the pumped spin
current is absorbed in the nonmagnetic layer due to the bulk
SOC or the ferromagnetic/nonmagnetic interface due to the
interface SOC, the magnetization damping of the ferromag-
netic layer is enhanced because the spin-current absorption
deprives the magnetization of the angular momentum [16].
Although the damping enhancement induced by the spin
pumping has been mainly associated with the spin absorption
in the bulk of the nonmagnetic layer, recent experimental and
theoretical studies have demonstrated that the spin-current
absorption at interfaces also provides a dominant contribution
to the damping enhancement [17]. Since the absorption of a
spin current at interfaces originates from the SOC, quantifying
the damping enhancement provides important information for
fundamental understanding of the spin-orbit physics.

In this work, we investigate the absorption of a spin current
at a ferromagnetic-metal/Pt-oxide interface. We show that the
magnetic damping of a Nig;Fe9 (Py) film is clearly enhanced
by attaching Pt oxide, Pt(O), despite the absence of the ab-
sorption of the spin current in the bulk of the Pt(O) layer. The
damping enhancement disappears by inserting an ultrathin Cu
layer between the Py and Pt(O) layers. This result indicates
that the direct contact between the ferromagnetic metal and Pt
oxide is essential to induce the sizable spin-current absorption
or the interface SOC. We further show that the strength of
the damping enhancement observed for the Py/Pt(O) bilayer
is comparable with that reported for other systems with strong
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SOC, such as two-dimensional electron gas (2DEG) at an
oxide interface and topological insulators.

II. EXPERIMENTAL METHODS

Three sets of samples, Au/SiO,/Py, Au/SiO,/Py/Pt(O),
and Au/Si0,/Py/Cu/Pt(O), were deposited on thermally ox-
idized Si substrates (SiO;) by RF magnetron sputtering at
room temperature. To avoid the oxidation of the Py or Cu
layer, we first deposited the Pt(O) layer on the SiO, substrate
in a mixed argon and oxygen atmosphere. After the Pt(O)
deposition, the chamber was evacuated to 1 x 107° Pa, and
then the Py or Cu layer was deposited on the top of the Pt(O)
layer in a pure argon atmosphere. For the Pt(O) deposition,
the amount of oxygen gas in the mixture was fixed as 30%,
in which the flow rates of argon and oxygen were set as 7.0
and 3.0 standard cubic centimeters per minute (sccm), respec-
tively. The SiO, layer was deposited from a SiO, target in the
pure argon atmosphere. The film thickness was controlled by
the deposition time with a precalibrated deposition rate.

We measured the magnetic damping using ferromagnetic
resonance (FMR). For the fabrication of the devices used
in the electrically-detected FMR, the photolithography and
liftoff technique were used to pattern the films into a 4 um x
40 pum rectangular shape. A blanket Pt(O) film on a 1 cm X
1 cm SiO; substrate was fabricated for the composition con-
firmation by x-ray photoelectron spectroscopy (XPS). We also
fabricated Pt(O) single layer and SiO,/Py/Pt(O) multilayer
films with a Hall bar shape to determine the resistivity of
the Pt(O) and Py using the four-probe method. The resistivity
of Pt(0) (6.3 x 10° 4 cm) is much larger than that of
Py (106 12 cm). Because of the semi-insulating nature of
the Pt(O) layer, we neglect the injection of a spin current
into the Pt(O) layer from the Py layer. Transmission electron
microscopy (TEM) was used to directly observe the interface
and multilayer structure of the SiO,/Py/Pt(O) film. All the
measurements were conducted at room temperature.

III. RESULTS AND DISCUSSION

Figure 1(a) exhibits the XPS spectrum of the Pt(O) film.
Previous XPS studies on Pt(O) show that binding energies
of the Pt 4 f7,, peak for Pt, PtO, and PtO, are around 71.3,
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FIG. 1. (a) The XPS spectrum of the Pt(O) film. The gray curve
is the experimental data, and the red fitting curve is the merged PtO

and PtO, peaks. (b) The cross-sectional TEM image of the SiO,(4
nm)/Py(8 nm)/Pt(O)(10 nm) film.

72.3, and 74.0 eV, respectively [18]. Thus, the Pt 4 f7/, peak
at 72.3 eV in our Pt(O) film indicates the formation of PtO.
By further fitting the XPS spectra, we confirm that the Pt(O)
film is composed of a dominant structure of PtO with a minor
portion of PtO,. Figure 1(b) shows the cross-sectional TEM
image of the SiO,(4 nm)/Py(8 nm)/Pt(O)(10 nm) film. As
can be seen, continuous layer morphology with smooth and
distinct interfaces is formed in the multilayer film. Although
we deposited the Py layer on the Pt(O) layer to avoid the
oxidation of the Py, it might still be possible that the Py layer
is oxidized by the Pt(O) layer. Therefore, we measured the
resistance of the Au/Si0,/Py and Au/SiO,/Py/Pt(O) samples
used in the FMR experiment. The resistance of both samples
show the same value (60 2). Furthermore, as described in
the following section, the saturation magnetization Mg for
each device was obtained by using Kittel formula (0.746 T
and 0.753 T for the Au/SiO,/Py and Au/SiO,/Py/Pt(O),
respectively). The only 1% difference indicates that the minor
oxidation of the Py layer due to the presence of the Pt(O) layer
can be neglected.

Next, we conduct the FMR experiment to investigate the
absorption and relaxation of spin currents induced by the spin
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FIG. 2. Schematic illustration of the experimental setup for the
electrically-detected FMR. M is the magnetization in the Py layer.
The FMR spectra of the (b) Py(9 nm), (¢) Py(9 nm)/Pt(O)(7.3 nm),
and (d) Py(9 nm)/Cu(3.6 nm)/Pt(O)(7.3 nm) films by changing the
RF current frequency from 4 to 10 GHz. All the films are capped with
3-nm-thick SiO, and 10-nm-thick Au layers. The RF current power
was set as 5 mW. The schematic illustrations of the corresponding
films are also shown.
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FIG. 3. (a) The RF current frequency f dependence of the
half width at half maximum poAH for the Py, Py/Pt(O), and
Py/Cu/Pt(O) samples. The solid lines are the linear fit to the ex-
perimental data. The inset shows RF current power P dependence of
oA H for the Py film at f = 7 GHz. (b) The RF current frequency
f dependence of the resonance field po Hg for the three samples. The
solid curves are the fitting result using the Kittel formula.

pumping. Figure 2(a) shows a schematic of the experimental
setup for the electrically-detected FMR. We applied an RF
current to the device, and an in-plane external magnetic field
woH was swept with an angle of 45° from the longitudinal
direction. The RF charge current flowing in the Au layer gen-
erates an Oersted field, which drives magnetization precession
in the Py layer at the FMR condition. The magnetization
precession induces an oscillation of the resistance of the
device due to the anisotropic magnetoresistance (AMR) of the
Py layer. We measured DC voltage generated by the mixing of
the RF current and the oscillating resistance using a bias tee.

Figures 2(b), 2(c) and 2(d) show the FMR spectra for the
Au/SiO,/Py, Au/SiO,/Py/Pt(O) and Au/SiO,/Py/Cu/Pt(O)
films, respectively. For the FMR measurement, a small RF
current power P =5 mW was applied. Around P = 5 mW,
the FMR linewidth is independent of the RF power as shown
in the inset to Fig. 3(a). This confirms that the measured
linewidth is unaffected by additional linewidth broadening
due to nonlinear damping mechanisms and Joule heating.
As shown in Fig. 2, clear FMR signals with low noise are
obtained, allowing us to precisely fit the spectra and extract
the magnetization damping for the three samples. Here, the
mixing voltage due to the FMR, Vi, is expressed as

(o AH )
(moH — poHr)* + (LoAH)?
moAH (oH — woHgr)
(moH — poHr)? + (moAH)?’

where oA H and puoHyg are the half width at half maximum
and resonance field, respectively [19]. In Eq. (1), Vg and
Vasym are the magnitudes of the symmetric and antisymmetric
components, respectively. The symmetric voltage Vi is the
sum of the voltage generated by the dampinglike spin-orbit
torque Vpr, and spin pumping Vsp, whereas the antisymmetric
voltage Visym is the sum of the voltage generated by the field-
like torque Vg and Oersted field Voe [20,21]: Vym = VoL +
Vsp and Vigym = VEL + Voe. Figures 2(b)-2(d) show that the

Viix = Vsym

+ Vasym

ey

symmetric component is vanishingly small in the Vpx sig-
nals, indicating negligible contribution from the dampinglike
torque and spin pumping to Vpix. Using the relation between
VpL and Vg, for ferromagnetic-metal/insulator bilayers [10]

M.
1+ Ho f-f’ )
o Hr

we can estimate the upper limit of Vg under the assump-
tion that the Vi, signal for the Au/SiO,/Py/Pt(O) film is
dominated by Vpr.. Here, Hry (p1) is the fieldlike (damping-
like) effective field generated by the SOC at the Py/Pt(O)
interface. Mg is the effective demagnetization field. Using
|HpL/HpL| = 0.12 for a Py/Pt(O) bilayer [10] with the mea-
sured value of Vi, = 0.27 uV for the Au/SiO,/Py/Pt(O)
film, we obtain the upper limit of the Vr_: ViL/ Vasym = 2.6%.
Thus, in the devices used in the present study, the Oersted field
created by the top Au layer dominates the RF effective fields
acting on the magnetization in the Py layer [see also Fig. 2(a)].
The large Oersted field enables the electric measurement of
the FMR even in the absence of the spin-orbit torques in the
Au/SiO,/Py film.

The damping constant « of the Py layer in the Au/SiO,/Py,
Au/SiO,/Py/Pt(O), and Au/SiO,/Py/Cu/Pt(O) films can be
quantified by fitting the RF current frequency f dependence
of the FMR spectral width ;oA H using

‘ Vi
VbL

_ ‘ Hrp
HpL

2«
HoAH = oA Heyx + va 3)

where A H.y and y are the inhomogeneous linewidth broad-
ening of the extrinsic contribution and gyromagnetic ratio,
respectively [19,22]. Figure 3(a) shows the f dependence of
the FMR linewidth poAH, determined by fitting the spec-
tra shown in Fig. 2 using Eq. (1). As shown in Fig. 3(a),
the frequency dependence of the linewidth is well fitted by
Eq. (3). Importantly, the slope of the f dependence of oA H
for the Py/Pt(O) film is clearly larger than that for the Py and
Py/Cu/Pt(O) films. This indicates larger magnetic damping
in the Py/Pt(O) film. By using Eq. (2), we determined the
damping constant « as 0.0126, 0.0169, and 0.0124 for the Py,
Py/Pt(O), and Py/Cu/Pt(O) films, respectively. The difference
in o between the Py and Py/Cu/Pt(O) films is vanishingly
small, which is within an experimental error. In contrast, the
damping of the Py/Pt(O) film is clearly larger than that of
the other films, indicating an essential role of the Py/Pt(O)
interface on the magnetization damping. Here, for the calcu-
lation of «, we neglected AH at f < 6 GHz. The reason for
this is that, at low frequencies, an inhomogeneous microwave
field gives rise to an additional FMR linewidth through the
excitation of nonuniform spin wave modes [23].

The damping enhancement induced by attaching Pt(O) to
the Py film cannot be attributed to possible additional damping
due to two-magnon scattering. Previous studies have shown
that the magnetic damping of a ferromagnetic metal fabricated
on an oxide can be influenced by the two-magnon scattering
at the interface [24,25]. Although the two-magnon-scattering
effect can be estimated from the frequency f dependence
of the FMR linewidth, this requires the data typically for
f > 20 GHz [26], which is inaccessible by the present ex-
perimental setup because of the frequency limit of the bias
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FIG. 4. Out-of-plane magnetic field angle 6, dependence of the
FMR linewidth AH for the Py (black open circles) and Py/Pt(O)
(red open circles) films. The solid curves are the fitting results using
Eq. (4). The inset shows the definition of 0.

tee used in the present study. To quantify the damping due
to the two-magnon scattering in the Py/Pt(O) film, instead of
the electrically-detected FMR, we measured magnetic field
angle dependence of the FMR linewidth using a microwave
cavity. For the measurement, a Py(9 nm)/Pt(O)(7.3 nm) film
with a 1.5 x 4 mm? rectangular shape was placed at the
center of a TE(; cavity with the frequency of 9.44 GHz.
An external magnetic field H was applied at an angle of 0y
from the direction perpendicular to film plane (see the inset
to Fig. 4). In Fig. 4, we show the 6 dependence of the FMR
linewidth A H for the Py/Pt(O) film (see the red open circles).
Figure 4 shows AH(Oy =0) ~ AH(@y = —90° and 90°).
This result indicates that the magnetization damping due to the
two-magnon scattering is negligible in the Py/Pt(O) film. The
reason for this is that in a system where the magnetic damping
due to the two-magnon scattering cannot be neglected, we
expect AH(Oy =0) < AH(6yg = —90° and 90°), since the
contribution of the two-magnon scattering disappears when
—45° < 6y < 45°, where 0y is the out-of-plane angle of the
magnetization from the direction perpendicular to the film
plane [27]. In fact, the measured 6y dependence of A H is well
reproduced using a model in which the additional linewidth
due to the two-magnon scattering is neglected [11]:

(/)|

dHgr

AH = a(H, + H»)

' d Hg

H,
d Mg 0

d
AMe + ‘—R Aby, @)
dOy

as shown in Fig. 4 (see the red curve), where H| =
Hg cos(By — 0y1) — Megrcos 20y, Hy = Hg cos(fy — Oy ) —
Mg cos? 0y, w =2nf, and w/y = puo/H; H,. Here, A Mg
and A6y are the dispersion of the magnitude and the direction
of M., respectively.

The FMR linewidth measured using the microwave cavity
also shows that the magnetic damping of the Py/Pt(O) film
is larger than a Py film. In Fig. 4, we also show the 6y
dependence of the FMR linewidth for a Py(9 nm) film with
a 1 x 3 mm? rectangular shape (see the black open circles).
From the measured 6y dependence of AH with Eq. (4),
we obtained poMsAa = pro Mese(apypioy — apy) = 0.0027 T.
This result is consistent with the damping enhancement

obtained by the electrically-detected FMR, puoM;Aa =
0.0032 T. Here, possible anisotropy in A« is within an ex-
perimental error [28].

The larger magnetic damping in the Py/Pt(O) film demon-
strates an important role of the direct contact between the
Py and Pt(O) layers in the spin-current absorption. If the
bottom layers influence the magnetic properties of the Py
layer, the difference in the magnetic properties can also re-
sult in the different magnetic damping in the Au/SiO,/Py,
Au/Si0,/Py/Pt(O), and Au/SiO,/Py/Cu/Pt(O) films. How-
ever, we have confirmed that the difference in the magnetic
damping is not caused by different magnetic properties of the
Py layer. In Fig. 3(b), we plot the RF current frequency f de-
pendence of the resonance field poHg. As can be seen, the f
dependence of uHy is almost identical for the different sam-
ples, indicating the minor change of the magnetic properties of
the Py layer due to the different bottom layers. In fact, by fit-
ting the experimental data using Kittel formula [29], 27 f/y =
o Hr (o Hr + o Megr), the saturation magnetization is ob-
tained to be uoMs >~ uoMey = 0.746, 0.753, and 0.777 T
for the Py, Py/Pt(O), and Py/Cu/Pt(O) films, respectively.
The minor difference (<5%) in the saturation magnetization
indicates that the larger damping of the Py/Pt(O) film cannot
be attributed to possible different magnetic properties of the
Py layer. Thus, the larger magnetic damping of the Py/Pt(O)
film can only be attributed to the efficient absorption of the
spin current at the interface. Notable is that the additional
damping due to the spin-current absorption disappears by
inserting the 3.6-nm-thick Cu layer between the Py and Pt(O)
layers. Here, the thickness of the Cu layer is much thinner
than its spin-diffusion length (~500 nm) [30], allowing us
to neglect the relaxation of the spin current in the Cu layer.
This indicates that the direct contact between the Py and Pt(O)
layers is essential for the absorption of the spin current at
the interface or the interface SOC. The negligible difference
in the magnetic damping between the Py/Cu/Pt(O) film and
Py film further demonstrates negligible spin absorption in the
bulk of the Pt(O) layer; the observed enhancement of the
magnetization damping for the Py/Pt(O) bilayer is dominated
by the spin absorption at the interface.

To quantitatively discuss the spin absorption at the
Py/Pt(O) interface and compare with other material systems,
we calculate the spin absorption parameters. In a model of the
spin pumping where the interface SOC is taken into account,
the additional damping constant is expressed as [28]

Ao

Ty (1
_ 8us 0( tong ) )

C uoMd \ 1+¢ 2(1 + £)?

Here, g = 2.11 is the g factor [37], up is the Bohr magneton,
d is the thickness of the Py layer, and T’y is the mixing
conductance at the interface. £ is the back flow factor; no
backflow refers to & = 0 and & = oo indicates that the entire
spin current pumped into the bulk flows back across the
interface. n is the parameter that characterizes the interface
SOC. For the Py/Pt(O) film, £ can be approximated to be
oo because the spin pumping into the bulk of the semi-
insulating Pt(O) layer can be neglected. Thus, Eq. (5) can be
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TABLE I. The summarized spin-absorption parameter I'gn in
different material systems. In order to directly compare this work
with previous works, we used the International System of Units.
The thickness of ferromagnetic layer in the previous works is 5 nm
[31,32], 8 nm [21], 9 nm [33], and 20 nm [34-36]. We used the
magnetic permeability in vacuum po = 47 x 1077 H/m. A« and
Ion for the Sngg-BijggSbooTe,S/Nig Fejo are the values at T <
100 K.

Heterostructure Aa Ton [1/m?] Ref.
Bi/Ag/NigyFex 0.015 8.7x10'® [33]
Bi,03/Cu/NiggFeyq 0.0045 1.5x 108 [31]

0.0013
0.0044
0.022

SI‘TiO3 /LaAlO; /Nig] FE]Q
Pt(O)/ngl Fe 19
a-Sn/Ag/Fe

2.3 x 10" [34]
2.3 x 10" This work
1.2 x 10 [32]

SHO'Oz-Bil4038b049TCzS/Ni31FC|9 0.013 1.4 x 1019 [35]
Bi,Se; /Nig Feig 0.0013 2.5 x 108 [36]
Pt/Nig, Fe 0.004 2.5x10'8 [21]
simplified as
6gupl’
Aq — 8HBTOT (6)
MOMsd

Here, 6I'gn corresponds to the effective spin mixing conduc-
tance ggf%. From the enhancement of magnetic damping Ac,
we obtain T'gn = 2.3 x 10'® m~2 for the Py/Pt(O) film. We
further compared this value with ['y#n for other systems where
efficient interface charge-spin conversion has been reported.
As shown in Table I, the spin-absorption parameter I'gn of
the Py/Pt(O) film is comparable with that of the heterostruc-
tures with the strong SOC, such as the 2DEG at an oxide
interface, topological insulators, as well as metal/oxide and
metallic junctions with the Rashba SOC. This result therefore
demonstrates the strong SOC at the Py/Pt(O) interface.

The strong SOC at the Py/Pt(O) interface is further ev-
idenced directly by measuring the inverse Rashba-Edelstein
effect (IREE) using the spin pumping. Because of the strong
SOC at the Py/Pt(O) interface, the generation of the spin-orbit
torques from a charge current thorough the spin-momentum
locking has been demonstrated [10]. This predicts the exis-
tence of the inverse process; when a spin imbalance is induced
in the interface state, a charge current is expected to show up
through the spin-momentum locking at the Py/Pt(O) interface:
the IREE [17,36,38—40]. To observe the spin-to-charge con-
version, we measured electric voltage under the FMR for a
Py/Pt(O) bilayer. Under the FMR, the spin pumping generates
a spin imbalance in the interface state, which results in the
generation of electric voltage through the spin-momentum
locking. For the measurement, a Py(9 nm)/Pt(O)(7.3 nm) bi-
layer with a 1.5 x 4 mm? rectangular shape was placed at the
center of a TE(;; cavity with the frequency of 9.44 GHz. We
measured dc electric voltage V between electrodes attached to
the edges of the film with applying an in-plane magnetic field
H perpendicular to the direction across the electrodes at room
temperature [41].

Figure 5(a) shows the puoH dependence of V for the
Py/Pt(O) bilayer at 0y = —90° and 90° (see also the inset to
Fig. 4). This result shows that electric voltage is generated
around the FMR field poHg = 113.7 mT. The voltage signal

(b)
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6, = 90°
< S
Z 0 2o
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3025 m_W 6,=-90° 1] —linear  ~
100 150 0 50 100

P (mW)

FIG. 5. (a) Magnetic field H dependence of dc electric voltage V
measured for the Py/Pt(O) bilayer in the microwave cavity at various
microwave excitation powers. (b) Microwave power P dependence
of the symmetric component of the measured voltage V.

changes the sign by reversing the magnetic field direction,
from 0y = —90° to Oy = 90°, consistent with the prediction
of the IREE induced by the spin pumping [36,38—41]. The
measured voltage signals are well reproduced using a com-
bination of symmetric and antisymmetric functions, where
the symmetric component is attributed to the spin-to-charge
conversion induced by the spin pumping, whereas the anti-
symmetric component is attributed to magnetogalvanic effects
in the ferromagnetic layer [41]. We plot microwave power P
dependence of the symmetric voltage Vy in Fig. 5(b). This
result shows that V; is proportional to P, supporting that the
symmetric voltage is induced by the IREE induced by the spin
pumping [42].

The electric voltage Vs due to the IREE is characterized by
the spin-to-charge conversion efficiency, Argg, as [42,43]

Vs AMREEA (7)
= a,
RF IREE
where
F _ CroMsd(y o) AloMsy + V (noMsy ) + 40°] 1
drgupa®[(noMy)? + 4w?] w’
(®

R and w are the electric sheet resistance and the width of
the Py/Pt(O) bilayer, respectively. Using Eq. (7) with the
measured value of V,, we obtain Argg ~ 0.02 nm for the
Py/Pt(O) bilayer. This value is an order of magnitude smaller
than that of Bi/Ag [17,44,45] but larger than Al/Bi,O3 [46].
The calculation of Argg is based on the interface spin loss
model, which is known to well reproduce experimental results
for ferromagnetic-metal/heavy-metal bilayers [43]. In this
model, the spin current lost at the interface is converted into a
charge current with the efficiency Argg. This indicates that the
obtained value Ajggg = 0.02 nm is the lower bound of the spin-
to-charge conversion efficiency at the Py/Pt(O) interface. The
reason for this is that the interface spin-to-charge conversion
efficiency can be enhanced as Ajrgg/(1 — §) when we assume
that the generated spin polarization loses its amplitude by a
factor of § (0 < § < 1) due to spin flips before the spin-to-
charge conversion [47]. Although § has been estimated in
ferromagnetic-metal/heavy-metal bilayers, the procedure for
the estimation requires nonzero spin diffusion and relaxation
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in the bulk of the heavy metal layer, which precludes the
estimation of § in the Py/Pt(O) bilayer.

IV. CONCLUSIONS

In summary, we have investigated the spin-current ab-
sorption and relaxation at the ferromagnetic-metal/Pt-oxide
interface. By measuring the magnetic damping for the Py,
Py/Pt(O), and Py/Cu/Pt(O) structures, we show that the direct
contact between Py and Pt(O) is essential for the absorption of
the spin current or the sizable interface SOC. Furthermore, we
found that the strength of the spin-absorption parameter at the
Py/Pt(O) interface is comparable to the value for intensively
studied heterostructures with strong SOC, such as 2DEG at an

oxide interface, topological insulators, and metallic junction
with Rashba SOC. The comparable value with these mate-
rial systems illustrates the strong SOC at the ferromagnetic-
metal/Pt-oxide interface. This indicates that the oxidation of
heavy metals provides a novel approach for the development
of the energy-efficient spintronics devices based on the SOC.
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