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Highly nonlinear frequency-dependent spin-wave resonance excited via spin-vorticity coupling
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A nonuniform vorticity of lattice deformation in a surface acoustic wave (SAW) can generate a spin current
(SC) in nonmagnetic metals via spin-vorticity coupling (SVC). We demonstrated a strong enhancement of SVC-
derived SC generated in Cu and Pt films with increasing the frequency of the SAW by observing the spin-wave
resonance (SWR) in an adjacent NiFe film. The comparative amplitudes and high-order frequency variations of
SWR in NiFe/Cu and NiFe/Pt bilayers imply that the amplitude of the SC generated via SVC in a SAW is robust
against the strength of spin-orbit interaction in nonmagnetic metals.
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I. INTRODUCTION

A nonconservative flow of spin angular momentum, i.e.,
spin current (SC), is necessary to control the magnetization of
nanoscaled ferromagnets in spintronic devices such as mag-
netic random access memory [1–5] and spin auto-oscillators
[6–8]. A variety of methods to produce a SC and the conse-
quent torque on magnetization have been developed, e.g., the
spin Seebeck effect [9], nonlocal spin injection from ferro-
magnetic conductors [10], the spin pumping effect [11–14],
the spin Hall effect (SHE) [15–17], and the Rashba-Edelstein
effect [18,19]. All of these methods utilize ferromagnetic
materials and/or nonmagnetic heavy metals with strong spin-
orbit interaction (SOI), which plays an important role in SC
generation via SHE. The necessity of particular materials to
produce a SC reduces a degree of freedom in the material
choice of spintronic devices.

Recently, an alternative method to produce a SC from
a macroscopic rotational motion was theoretically proposed
[20] followed by experimental demonstrations using a tur-
bulent flow of liquid metal [21], a surface acoustic wave
(SAW) in a Cu film [22], and a gradient in the electrical
mobility in a surface-oxidized Cu film [23]. A nonuniform
vorticity of the velocity field in the macroscopic rotation leads
to a nonuniform spin accumulation via spin-vorticity cou-
pling (SVC) [24–28], which enables a universal conversion
between macroscopic and microscopic spin angular momen-
tum according to an angular momentum conservation law.
Kobayashi et al. demonstrated a spin-wave resonance (SWR)
by injecting a SAW into a NiFe/Cu bilayer deposited on
a LiNbO3 substrate. The schematic principle of the SAW-
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driving SWR is shown in Fig. 1(a). The magnitude of vorticity
of the lattice deformation in the SAW exponentially decays
in the depth direction. The gradient of vorticity in the Cu
layer leads to a gradient of spin accumulation via SVC which
generates an alternating SC. When the SC is injected to the
NiFe fabricated adjacent to Cu, a spin wave whose wave
number is consistent with that of the SAW can be resonantly
excited.

In this article, we experimentally demonstrated a strong
enhancement of SC generation with increasing the frequency
of SAW by measuring the SWR in a NiFe film attached to a
Cu, Ti (weak SOI), or Pt (strong SOI) film as a SC-generating
material. For comparison, the frequency dependencies of the
SWR caused by the Barnett [29–32] and the magnetoelastic
(ME) [33,34] effects in ferromagnetic metals (FMs) were
also measured using NiFe and Ni single films, respectively,
because these effects also affected the frequency dependencies
of SWR in NiFe/nonmagnetic metal (NM) bilayers. We found
that the SVC can generate the SC in the Cu comparable to the
Pt although the strength of SOI is totally different. Moreover,
from the order of the nonlinear frequency dependence of SC
generation, we determined the primary contribution of SVC
in the SC generation using SAW. As described in Sec. II, the
theory predicts that the SVC can create spin accumulation in
conductive materials in two different processes. These find-
ings are significant to understand the microscopic mechanism
of the SVC and the material dependence.

The reminder of this paper is organized as follows.
Section II briefly summarizes the theory for SC generation
via SVC together with the frequency-dependent expression of
the SC which plays a significant role for quantitative under-
standing of the SVC-related SC generation. Sections III and
IV describe the experimental setup and the measured SWR
excited in the NiFe attached to nonmagnetic materials by
applying the Rayleigh-type SAW (R-SAW), respectively. The
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dependence of the SWR intensity on the frequency of R-SAW,
the nonmagnetic materials, and the angle of external field
application are discussed in Sec. V quantitatively. Finally, the
paper concludes with Sec. VI.

II. THEORY FOR SPIN-CURRENT GENERATION VIA SVC

The Hamiltonian of the SVC is defined as HSVC =
−(h̄/2)σ · (�/2), where h̄ is the reduced Plank constant, and
σ are the Pauli matrices [35]. The vorticity � is given by
� = ∇ × (∂u/∂t ), where u is the displacement vector. Ac-
cording to the SVC theory, a gradient of the vorticity leads to a
spin-dependent force field which produces the SC. Moreover,
collisions and relaxations between spins are also modulated
by the vorticity of the macroscopic rotational motion. The
consequent temporal and spatial variation in spin accumula-
tion δμ is described by the spin diffusion equation [20,35]:(

∂

∂t
− D∇2 + 1

τsf

)
δμ = h̄

∂�z

∂t
− h̄

τsf
ζ�z. (1)

D and τsf are the diffusion constant and the spin-flip time mod-
ulated by SVC, respectively. The right-hand side of Eq. (1)
represents two sources for spin accumulation; one is propor-
tional to the time derivative of the vorticity, and another is
proportional to the vorticity itself. These are derived from a
quantum-kinetic theory, where the spin dynamics is described
in terms of the nonequilibrium distribution function obeying
a generalized Boltzmann equation. The distribution function
is determined by two processes: (i) force fields acting on
the electron spins and (ii) effects of collisions or relaxations
between spins. The SC generated by processes (i) and (ii) cor-
responds to the first and second sources of Eq. (1), respec-
tively. It is predicted that the SC owing to process (ii) is
enhanced by the coarse graining from the microscopic to
macroscopic scale. ζ is a normalization factor representing the
conversion efficiency between spin and mechanical rotation.

When the R-SAW with a vorticity along the z axis is
injected into an x-y semifinite NM, the distribution of the
vorticity amplitude is given by [36]

�z = ω2u0

ct
e−ktyei(kx−ωt ), (2)

where ω is an angular frequency of the R-SAW, u0 is the defor-
mation amplitude of the R-SAW, ct is the transverse velocity
of a sound wave, and k is the longitudinal wave number. The
transverse wave number kt is given by kt = k

√
1 − ξ 2, where

ξ is a constant given by ξ ≈ (0.875 + 1.12ν)/(1 + ν) with
Poisson ratio ν [20]. Then the z-polarized alternating SC in the
y direction is calculated by substituting the solution of Eq. (1)
to the equation Js = (σ0/e)∇δμ with the electric conductivity
σ0, which leads to [20,22]

Js = (τsfω − iζ )J ′
se

i(kx−ωt ) ≡ (
Jτsf

s − iJζ
s

)
ei(kx−ωt ), (3)

where

J ′
s ≈ h̄σ0ω

3u0

ec2
t

(
1 + k2

t λ
2
s

1 − ξ 2

)−1/4 √
1 − ξ 2

ξ

y

λs
(4)

for kty � 1, where λs = √
Dτsf is the spin diffusion length.

As seen in Eq. (3), the SC consists of two contributions. The

FIG. 1. (a) Schematic illustration of an SWR excited by prop-
agating an R-SAW through a NiFe/NM bilayer. The R-SAW
generates a nonuniform alternating SC via SVC in NMs. When a
static magnetic field is applied at an angle φ from the propagation
direction of the R-SAW, a spin wave is possibly excited in the NiFe
layer due to the spin-transfer torque by the injected SC, the Barnett
field, and/or the ME field. (b) Measurement setup for observing the
SWR. The R-SAW attenuation owing to the SWR can be measured
from the S21 signal using a vector network analyzer.

SCs proportional to τsf (denoted as Jτsf
s ) and ζ (denoted as Jζ

s ),
respectively, are attributed to the diffused sources proportional
to the time derivative of the vorticity and the vorticity itself
in Eq. (1). If the former is predominant for SC generation,
materials with a weak SOI (e.g., Cu and Al) are suitable for
SC generation because the magnitude of SC is proportional
to τsf . Recently, Takahashi et al. succeeded in generating
a time-independent SC using the time-averaged vorticity in
turbulent flow of liquid mercury [21], which suggests that a
SC can be generated via SVC even if ∂�z/∂t = 0. Moreover,
Eqs. (3) and (4) clearly indicate that the intensity of the SC
generated via SVC is proportional to the cubic and/or quartic
of frequency. Namely, the SC amplitude is expected to show
a remarkable variation in frequency and can be strongly en-
hanced by increasing the frequency of the vorticity.

III. EXPERIMENTAL SETUP

When a static magnetic field is applied at an angle φ

from the propagation direction of an R-SAW as shown in
Fig. 1(a), a spin wave is excited via spin-transfer torque (STT)
[37]. In the case of φ = 0, this spin wave is regarded as a
magnetostatic backward-volume wave (MSBVW) because its
wave vector is consistent with the wave vector of the R-SAW
parallel to the equilibrium direction of the magnetization. The
microwave (MW) absorption in the NiFe/NM bilayer owing
to the SWR excitation, i.e., the R-SAW attenuation, can be
measured using a vector network analyzer. Note that three
origins of SWR excitation are expected: the STT caused by
the SVC-derived SC, the Barnett effect, and the ME effect.
The effective fields of the Barnett and the ME effects are given
by following equations [29,34]:

hB = �z

2γ
cos φ = ω2u0

2ctγ
e−kty cos φ ei(kx−ωt ), (5)

hIP
ME = 2b1

Ms
εxx sin φ cos φ, hOOP

ME = 2b2

Ms
εxy cos φ, (6)

where γ is the gyromagnetic ratio of the FM, b1 and b2 are the
ME coupling constants, Ms is the saturation magnetization of
the FM, and εxx and εxy are the strain tensor components. From
the comparison of Eqs. (3)–(6), the power order of Js with
respect to ω is much higher than those of hB, hIP

ME, and hOOP
ME .

174413-2



HIGHLY NONLINEAR FREQUENCY-DEPENDENT … PHYSICAL REVIEW B 102, 174413 (2020)

Namely, we can determine the dominant contribution to the
SWR among the three origins from the frequency dependence
of the MW absorption.

Our experimental setup for observing an SWR in a
NiFe/NM bilayer is shown in Fig. 1(b). Two interdigital trans-
ducers (IDTs) consisting of 30-nm-thick Au were fabricated
on a LiNbO3 piezoelectric substrate. A MW with an amplitude
of −5 dBm was transmitted from the left IDT1 and was
detected by the right IDT2. We used a 128◦ Y-cut LiNbO3 sub-
strate whose R-SAW-dispersion relation is given by ω = ξctk
[20]. We can vary the excitation frequency of the R-SAW by
changing the structural period of the IDT which is consistent
with the wavelength of the excited R-SAW. In our experiment,
the R-SAW wavelengths were varied from 2.0 to 3.0 μm
at intervals of 0.2 μm, and consequent R-SAW frequencies
ranged from 1.3 to 1.9 GHz. A 400 × 400 μm2 rectangle of
bilayer consisting of NiFe (20 nm)/NM [NM = Cu (200 nm),
Pt (28 nm), or Ti (200 nm)] was deposited between IDTs.
The thickness of the NM was set so as to be consistent with
the spin diffusion length of the NM because the magnitude
of SC injected into NiFe is maximized at this condition. For
comparison, devices with NiFe (20 nm) and Ni (20 nm) single
layers were also fabricated to evaluate the contributions of the
Barnett and the ME effects, respectively. A static magnetic
field ranging from −20 to 20 mT was applied in the film
plane at an angle φ from the propagation direction of the
R-SAW. We conducted a frequency-domain evaluation of the
R-SAW amplitude at a given magnetic field by measuring
the S21 parameter using a vector network analyzer.

IV. EXPERIMENTAL RESULTS

Figure 2 shows color plots of the MW absorption as func-
tions of frequency and magnetic field measured for NiFe and
Ni single layers and NiFe/NM bilayers. The structural period
of the IDT was set to 2.4 μm. The static field was applied
at φ = 0 for NiFe/NM and NiFe films so as to maximize the
STT and Barnett field, while φ = π/4 was chosen for a Ni
film so as to maximize the mixed ME fields [33]. As shown in
the Appendix, the peak intensity of the R-SAW decreases with
increasing the fundamental frequency due to the increase of
conductor resistance loss of the IDTs. To compensate for the
difference in the conductor resistance loss among the devices,
we used the reduced-MW absorption defined as [22]

�Pnorm( f , H ) = |P21( f , H ) − P21( f , Href )|
P21( fres, Href )

. (7)

Here, P21( f , H ) is the complex power of the transmitted-MW
calculated from S21 at a given frequency f and magnetic
field H . The reference magnetic field μ0Href = −20 mT is
sufficient to saturate the magnetization of NiFe or Ni; thus,
the field-independent signals can be removed by subtracting
P21( f , Href ) from P21( f , H ). The subtracted P21 is divided
by the peak intensity P21( fres, Href ), where fres is the R-SAW
excitation frequency. The magnitude of the reduced-MW
absorption is independent of u0, because both the R-SAW-
excitation power P21( fres, Href ) and the MW absorption owing
to the SWR, |P21( f , H ) − P21( f , Href )|, are proportional to
u2

0. As shown in Fig. 2(a), large-MW absorption was ob-
served in NiFe/Cu at fres = 1.60 GHz, where the R-SAW

FIG. 2. Color plots of the MW absorption �Pnorm as functions of
frequency and magnetic field measured for (a) NiFe/Cu, (b) NiFe/Pt,
and (c) NiFe/Ti bilayers, and (d) NiFe and (e) Ni single layers. The
period of the IDT finger was set to 2.4 μm and the magnetic field
was applied at (a–d) φ = 0 and (e) φ = π/4. The MW absorption
was observed at magnetic fields where the excitation frequency of
the spin wave matches the eigenfrequency of the R-SAW.

was strongly excited. The dispersion relation of the MSBVW,
which is excited in the NiFe layer, is given by [38]

fres = γ

2π

√
|H |

(
|H | + Ms

μ0

1 − e−kswd

kswd

)
, (8)

where d is the thickness of the NiFe, ksw is the wave number of
the MSBVW, and Ms = 0.98 T is the saturation magnetization
of the NiFe. The dispersion relation is indicated by the ma-
genta guidelines in Figs. 2(a)–2(d). Strong-MW absorptions
were clearly observed at magnetic fields where the excitation
frequency of MSBVW matches the eigenfrequency of the
R-SAW.

As shown in our previous study on the SAW-induced SWR
[22], the dependence of �Pnorm on the angle of external
magnetic field is helpful to determine the primary source of
the magnetic torque which excites the SWR. In the R-SAW
device schematically shown in Fig. 1, the vorticity vector is
parallel to the z axis. Both the Barnett field in FMs and the
spin polarization of the SC generated in the NM via SVC
are, therefore, parallel to the z axis. As a consequence, the
torque amplitude owing to the SC or the Barnett field will
be at a maximum when the FM is magnetized along the x
axis. Conversely, a torque originated from a magnetoelastic
effect in the FM is enlarged when the magnetization direction
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FIG. 3. Color plots of the MW absorption �Pnorm as functions of
angle φ and magnitude of magnetic field measured for (a) NiFe/Cu
and (b) NiFe/Ti bilayers, and (c) NiFe and (d) Ni single layers.
Magenta broken lines represent the resonant condition for SWR
which is given by Eqs. (9)–(11).

deviates from the x axis [33]. A propagation of the R-SAW
at the FM produces both longitudinal and shear strains whose
effective fields are proportional to sin φ cos φ and cos φ, re-
spectively. In the case of R-SAW, the longitudinal strain is
dominated so that the effective field owing to the combined
strains becomes maximum approximately at π/4 from the x
axis. Figure 3 shows color plots of the MW absorption as
functions of angle φ and magnitude of magnetic field. As
shown by the magenta broken lines in Fig. 3, strong MW
absorptions clearly appeared at the resonant condition for the
SWR which is given by

fres = γ

2π

√(
H + 2A

Ms
k2

)(
H + 2A

Ms
k2 + Ms

μ0
F (k)

)
, (9)

where

F (k) = 1 − P(k) cos2 φ

+ Ms

μ0(H + 2Ak2/Ms)
P(k)(1 − P(k)) sin2 φ

(10)

and

P(k) = 1 − 1 − e−kd

kd
. (11)

Figure 4 shows the angular dependence of the peak intensity
of �Pnorm. As shown in Fig. 4, when the SWR was excited
in the NiFe/NM bilayer or NiFe single layer, the peak value
was maximized at φ = 0 followed by a monotonous decrease
with φ. On the contrary, the strongest SWR was observed at
φ ≈ π/4 in the Ni single layer. These results are consistent
with the angular dependence of effective fields owing to STT,
Barnett, and magnetoelastic effects. Moreover, as shown in
Figs. 2 and 3, the peak intensities of �Pnorm at positive and
negative magnetic fields are almost identical except for the Ni
single layer. The nonreciprocal SWR observed in the Ni single
layer is attributable to the coexistence of normal and shear
strains [39]. Namely, the reciprocal properties of the SWR in

FIG. 4. Peak value of �Pnorm measured for (a) NiFe/NM bilay-
ers and NiFe single layer and (b) Ni single layer as a function of
angle φ of the external field application.

the NiFe/NM bilayer and NiFe single layer also support that
the SWR is not excited by the magnetoelastic effect of the
R-SAW.

As shown in Fig. 2(b), NiFe/Pt showed the MW absorption
as large as NiFe/Cu, which implies that the comparable STT
occurred with Cu and Pt whose SOIs are quite different. The
amplitude of the SC seems to be robust against the strength
of SOI in NMs. On the other hand, when highly conductive
Cu in the bilayer was replaced with poorly conductive Ti, or
when the NM layer adjacent to NiFe was absent, the MW
absorption was suppressed significantly as shown in Figs. 2(c)
and 2(d). These results suggest that the presence of the highly
conductive NM layer is essential for exciting the SWR via
STT in NiFe, because the SVC-derived SC is proportional
to the electric conductivity of the NM as shown in Eqs. (3)
and (4).

Also, the SWR intensity in a Ni film is shown in Fig. 2(e).
The magenta guidelines indicate the dispersion relation of the
spin wave at φ = π/4 which supports the successful excita-
tion of SWR by the mixed ME fields similar to the previous
report [33].

FIG. 5. R-SAW-frequency dependence of the MW absorption
in NiFe/Cu, NiFe/Pt, NiFe/Ti, NiFe (φ = 0) and Ni (φ = π/4).
The MW absorption in NiFe/Cu and NiFe/Pt showed higher-order
changes in frequency than those in NiFe/Ti, NiFe, and Ni. The
dashed lines show the results of fitting the data points with linear
functions.
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V. DISCUSSION

As shown in Fig. 5, we measured the frequency de-
pendence of the MW absorption in the form of a double-
logarithmic plot. In the R-SAW device, the fundamental
frequency was varied in the range from 1.3 to 1.9 GHz. The
lowest frequency was chosen so that the microwave absorp-
tion that appeared at positive and negative magnetic fields
could be separately observed. On the other hand, the highest
frequency was restricted by the difficulty in the microfab-
rication of the IDT. To dispel concerns that the range of
frequency in Fig. 5 is insufficiently narrow to discuss the
power order of frequency dependence in �Pnorm, we evaluated
the uncertainty in measurement by conducting three different
measurements for each sample at each frequency. The mag-
nitudes of the standard deviation evaluated from the repeated
measured values of �Pnorm are smaller than the size of plots
in Fig. 5. Consequently, the range of frequency in Fig. 5 is
sufficient to compare the frequency dependencies of �Pnorm

among samples. The dashed lines in Fig. 5 show the results
of fitting the data points with linear functions. The gradient
values of the best fit curves are 1.84 ± 0.06, 7.38 ± 0.04,
6.76 ± 0.19, 4.00 ± 0.13, and 3.09 ± 0.11 for Ni, NiFe/Cu,
NiFe/Pt, NiFe/Ti, and NiFe, respectively. As seen in Fig. 2,
the values of φ were fixed at zero for NiFe/NM and NiFe,
and at π/4 for Ni. In order to quantitatively evaluate the SC
generated via SVC, we calculated the power loss owing to the
magnetic torques from the SC, the Barnett field, and the ME
field. The magnetization dynamics is generally described by

the Landau-Lifshitz-Gilbert-Slonczewski equation [37]:

∂M
∂t

= −γ [M × Heff ] + α

M

[
M × ∂M

∂t

]
+ τSTT, (12)

where M is the vector of local magnetization and α is
the Gilbert damping coefficient. Heff is the effective field
given by

Heff = H − ←→
N

M
μ0

+ hB + hIP
ME + hOOP

ME , (13)

which consists of the static magnetic field, the demagnetizing
field, the Barnett field, and the in-plane and out-of-plane com-
ponents of the ME field. The STT owing to the z-polarized SC
is given by [37]

τSTT = −CJs
[
M × (M × ez )

]
. (14)

In Eq. (14), C = γ h̄g/2eM2
s d , where g = [−4 + 3(1 +

P)3/4P3/2]
−1

with the spin polarization P. From the relation
PSAW = ωMLNOWu2

0 [40], where M = 1.4 × 1011 J m−3 is a
material constant for LiNbO3 and W = 355 μm is the finger
length of the IDT, the reduced-MW absorption is expressed as

�Pnorm = 1

ωMLNOWu2
0

ω

2π

∫
Heff dM. (15)

For a small precession limit, M can be approximated as M ≈
(Ms, myeiωt , mzeiωt ), where |my|, |mz| � Ms. Finally, Eq. (15)
is calculated as

�Pnorm = �Pnorm
τsf

+ �Pnorm
ζ + �Pnorm

hB
+ �Pnorm

ME,OOP + �Pnorm
ME,IP + cross terms

≈ γ Ms

2αωMLNOW

[
C2M2

s ω2

γ 2ω2
y

∣∣∣∣Jτsf
s

u0

∣∣∣∣
2

+ C2M2
s ω2

γ 2ω2
y

∣∣∣∣Jζ
s

u0

∣∣∣∣
2

+
∣∣∣∣hB

u0

∣∣∣∣
2

+ ω2

ω2
y

∣∣∣∣hOOP
ME

u0

∣∣∣∣
2

+
∣∣∣∣hIP

ME

u0

∣∣∣∣
2

+ cross terms

]
(16)

≈ A0

( ω

ω0

)9
+ B0

( ω

ω0

)7
+ C0

( ω

ω0

)3
+ D0

( ω

ω0

)1
+ cross terms, (17)

where ωy = γ Ms/μ0. The first, second, third, fourth, fifth, and
sixth terms in Eq. (16) correspond to the contributions of Jτsf

s ,
Jζ

s , hB, hOOP
ME , hIP

ME, and their products, respectively. Note that
�Pnorm in Eq. (16) is independent of u0 because all contri-
butions are proportional to u0. By substituting Eqs. (3)–(6) in
Eq. (16), one obtains Eq. (17) which shows the frequency de-
pendence of �Pnorm explicitly, where ω0 = 2π × 1.30 GHz.
The contributions of Jτsf

s and Jζ
s are proportional to the ninth

and seventh order of frequency, respectively, while hB and
hOOP

ME , and hIP
ME lead to third- and first-order variation, re-

spectively. From Fig. 5, we found that the slopes of the
double-logarithmic plot were 7.4 and 6.8 for NiFe/Cu and
NiFe/Pt bilayers, respectively, which implies that the SWR
was excited by the STT from the SC proportional to ζ . On the
other hand, the MW absorption in NiFe/Ti and NiFe showed
the 4.0th- and 3.1th-power order of frequency, respectively,
which is consistent with the frequency dependence of the
power loss �Pnorm

hB
owing to the Barnett effect. We also con-

firmed that the in-plane and out-of-plane ME fields excited the
SWR in Ni because the slope of the double-logarithmic plot
was between 1 and 3.

Finally, we discuss the material dependence of ζ . From the
SWR intensity at 1.60 GHz for NiFe/Cu and NiFe/Pt bilay-
ers, the amplitudes of the alternating SC injected to NiFe can
be evaluated as 3.2 × 109 and 4.3 × 109 A m−2, respectively.
Here, the magnitude of the MW exciting the R-SAW was fixed
at −5 dBm, and the values of u0 were evaluated from the
Barnett effect in the NiFe single layer [41]. From the evaluated
SC amplitudes and Eqs. (3) and (4), the values of ζ for Cu and
Pt were evaluated as 5.0 × 106 and 1.6 × 106, respectively.
We also confirmed that a similar magnitude of ζ (2.6 × 106)
was evaluated for Cu by an alternative method using a spin
pumping effect in a R-SAW injected Pt/NiFe/Cu trilayer [42].
It is nontrivial that ζ values for Cu and Pt are comparable
although the strengths of SOI are totally different between Cu
and Pt. The result seems to imply that the microscopic SVC
mechanism of angular momentum conversion with R-SAW is
robust against the SOI which is one of the possible conversion
mechanisms between spin and orbital angular momenta of
electrons. Conversely, the generation of SC by dynamical
lattice strain in metals with SOI at impurities has been also
predicted theoretically [43]. We need both experimental and
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FIG. 6. Frequency dependence of P21( fref , Href ).

theoretical studies to understand the microscopic mechanism
of the SVC, especially for the role of SOI.

VI. SUMMARY

In summary, we demonstrated highly nonlinear frequency-
dependent SWR excited via SVC using an R-SAW. The MW
absorption owing to the SWR excitation by the STT, the
Barnett effect, and/or the ME effect can be distinguished from
the difference in the frequency variations. From the compar-
ison between Cu and Pt as a SC source, we found that the
amplitudes of SC generated via SVC in R-SAW were similar
between them, although Cu shows much weaker SOI than

Pt. The finding will pave the way not only to fundamental
understanding of the SC-generation mechanism via SVC but
also to utilizing weak-SOI materials for spintronic devices.
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APPENDIX: FREQUENCY DEPENDENCE OF
R-SAW AMPLITUDE

Figures 6 shows the frequency dependence of P21( fref ,

Href ) in the form of a double-logarithmic plot. As shown
in Fig. 6, the peak intensity of the R-SAW decreases with
increasing the frequency. Higher fundamental frequency of
the R-SAW can be realized in narrower and denser IDTs
because the wavelength of the R-SAW is determined by the
structural period of the IDTs. The decrease in the electrode
width leads to the increase in the electrical resistance of the
IDT. As a consequence, the loss owing to the Joule heating of
IDTs increases with increasing the fundamental frequency of
the R-SAW as shown in Fig. 6.

As shown in Fig. 6, the peak intensity of the R-SAW
transmitted through the NiFe/Cu bilayer was smaller than the
others. The total thickness of the NiFe/Cu bilayer was one
order of magnitude thicker than the others. The increase in
the thickness of metallic thin films deposited between IDTs
leads to a change in the acoustic impedance of the film. Thus,
larger loss of the R-SAW transmission in the NiFe/Cu bilayer
is attributable to the mismatch of the acoustic impedance
between the film and LiNbO3 substrate.
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