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Electrical evaluation of the alternating spin current generated via spin-vorticity coupling
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In many interacting-electron systems, the microscopic spin angular momentum of electrons is conserved
along with the macroscopic angular momentum in electrical current flows, i.e., vorticity. Such spin-vorticity
coupling expands the choice of materials for spintronics devices. In this paper, we evaluate the magnitude of an
alternating spin current generated by the spin-vorticity coupling with a gigahertz-order surface acoustic wave in
a Cu thin film. We measure the gigahertz alternating spin current by an electrical method based on the inverse
spin-Hall effect. From the amplitude of the spin current, we can determine the conversion efficiency of the
angular momentum between local lattice rotation and electron spin in the Cu film. The conversion efficiency is
four orders of magnitude larger than the case of spin current generation via kilohertz-order vorticity in turbulent
flow of liquid mercury [M. Matsuo et al., Phys. Rev. B 96, 020401(R) (2017)]. Such a huge conversion efficiency
is attributable to a smaller inconsistency of energy scale between lattice rotation and electron spin than the case

of liquid vorticity.
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I. INTRODUCTION

Spin-vorticity coupling (SVC), which arises when local
rotational motions induce an inertial effect in the electron
spin, can produce a spin current (SC) in nonmagnetic metals
lacking strong spin-orbit interactions (SOIs) [1,2]. SC gener-
ation via SVC was first detected in the vorticities of turbulent
liquid-mercury flow in a tube [3]. In this early experiment,
the temporally uniform component of SC along the radial
direction of the tube was measured as a longitudinal direct
current (DC) voltage via the inverse spin-Hall effect (ISHE).
The SC amplitude is proportional to the flow vorticity [3],
suggesting that SVC can be exploited in practical spintronics
devices. Matsuo et al. theoretically predicted that an alter-
nating SC can be produced by a rotating lattice in elastic
solids, e.g., a Rayleigh-type surface acoustic wave (RSAW)
[1,4]. The vorticity gradient of the lattice deformation cre-
ates a spin-dependent force field which leads to temporally
varying spin accumulation and consequent alternating SC.
Indeed, Kobayashi et al. successfully demonstrated spin wave
resonance (SWR) in a NiFe/Cu bilayer by injecting a RSAW
with a fundamental frequency of 1.6 GHz [5]. The SWR
was strongly suppressed by inserting a SiO, insulating layer
between the NiFe and Cu and/or by removing the Cu, sug-
gesting that SWR requires the spin-transfer torque (STT)
generated by the alternating SC in Cu. SC generation via
SVC of the RSAW is advantageous from a technological
viewpoint because it is not limited to ferromagnets or noble
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metals with a strong SOI but is achievable in a wide range of
materials.

A generalized expression of the SC produced via SVC has
been deduced by solving a spin diffusion equation with a
SVC-related source term which is theoretically predicted by
a coarse graining of the collision term in the spin-dependent
Boltzmann equation [2]. The deduced SC expression includes
a parameter that represents the conversion efficiency of angu-
lar momentum from the vorticity field of the lattice to electron
spins. The parameter is expressed by the correlation of the
vorticity fields using the nonequilibrium density matrix in
the presence of the lattice motion. However, it is generally
difficult to determine within a theoretical framework because
the density matrix reflects the details of the nonequilibrium
system consisting of vorticity fields and electron spins as well
as a variety of relaxation processes in a realistic situation.
To unlock the underlying physics of the angular momentum
transfer mechanism in SVC, one must quantitatively evaluate
the RSAW-related SC, which is often accompanied by the
attenuation of stimulating a RSAW. One might expect that
the SC amplitude is easily evaluated from the attenuation of a
RSAW owing to the SWR excited via SC application. Indeed,
we have experimentally demonstrated the SAW-related SC
generation from the SAW attenuation measured by a vec-
tor network analyzer [5]. However, the RSAW attenuation
in the practical device is generally associated with multi-
ple influences of the electromechanical coupling between the
RSAW antenna and the piezoelectric substrate, the acoustic
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FIG. 1. (a) Geometry of the sample fabricated for measuring the alternating SC generated by applying a RSAW to a Pt/NiFe/Cu trilayer
deposited on a LiNbO; substrate. The RSAW propagates along the z axis while an external magnetic field poH is also applied along the z axis.
The SVC with the RSAW propagated in the Cu produces alternating SC J3VC along the y axis, which leads to a MSBVW in the NiFe. The spin
pumping from the MSBVW generates a direct SC J57 in the Pt and consequent Hall voltage along the x axis via ISHE. (b) Optical photograph
of the device. The device consists of a pair of IDTs, the Pt/NiFe/Cu trilayer, and an electrode for measuring the Hall voltage. Experimental
setups for measuring (c) the RSAW attenuation induced by the SWR and (d) the Hall voltage caused by the spin-pumping effect at the NiFe /Pt

interface.

impedance mismatch appearing in the RSAW injection to a
metallic thin film, and the multiple scattering of the RSAW.
In this paper, to avoid the influence of such complicated
RSAW dissipation on the SC evaluation, we developed an
electrical method that directly evaluates the SC using con-
ventional ISHE [6-10], which was widely used to measure
SC in many spintronics devices. When a RSAW propagates
through trilayer Pt/NiFe/Cu, the SVC produces an alternating
SC in Cu, thereby generating a STT on the NiFe magneti-
zation [see Fig. 1(a)]. The temporally and spatially varying
STT excites spin waves in NiFe and subsequently generates
a direct SC in Pt via the spin-pumping effect [11-13]. The
strength of this STT can be evaluated by measuring the volt-
age appearing in the Pt layer via the ISHE, using an analytical
model well established for SWR and spin pumping. One
might consider that the alternating SC in the Cu film can
be measured simply without inserting a ferromagnetic NiFe
film between Cu and Pt. The polarity of the Hall voltage
produced via the ISHE of the alternating SC is periodically
varied with the wavelength of the RSAW. Consequently, most
of the Hall voltage appearing in the Pt is compensated, and the
tiny remaining Hall voltage can be measured. For example,
when the RSAW with a wavelength of 2.4 um propagates
at the Pt/Cu bilayer with a lateral size of 400 um, the un-
compensated Hall voltage is produced in the portion with
a width of 0.8 um (= 2.4 um x 167 — 400 pwm). In this

case, the amplitude of the uncompensated Hall voltage ex-
pected from the amplitude of the alternating SC in the Cu is
only a few microvolts. Such a tiny alternating Hall voltage
is hard to separate with a signal owing to electromagnetic
field leakage from the interdigital transducer used to excite
the RSAW.

In this study, we explicitly show that the spin pumping
from spin waves produces a uniform DC Hall voltage sim-
ilar to the conventional case driven by uniform precession
of magnetization. Thus, we can evaluate the spatially mod-
ulated alternating SC which drives SWR by measuring the
DC Hall voltage generated in the whole Pt/NiFe/Cu trilayer
film. From the amplitude of SC via SVC, we found that the
conversion of angular momentum between the electron spin
and mechanical vorticity was four orders of magnitude larger
than in the case of liquid-mercury flow.

The remainder of this paper is organized as follows.
Section II is the theoretical prospective of spin current gen-
eration via SVC. Section III describes the experimental setup,
and Sec. IV presents the experimentally determined spin-Hall
voltage and SWR absorption measurements in the RSAW-
injected Pt/NiFe/Cy trilayer. Section V derives the analytical
expression for the spin-pumping effect caused by the SWR
excitation in NiFe and the subsequent ISHE in Pt. The alter-
nating SC is determined from the spin-Hall voltage by the an-
alytical model in Sec. VI. The paper concludes with Sec. VII.
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II. THEORY OF SPIN CURRENT VIA SVC
SVC is defined by the following Hamiltonian [14]:

h
Hgyc = 49 Q, (D

where 7 is the reduced Planck constant and o is the Pauli
matrix. € is vorticity given by Q =V x (du/dt), where
u is the vector of the lattice deformation. SVC generates
spin-dependent force and creates spin accumulation §.. Con-
sidering a spin accumulation owing to the collision of electron
spins in the mean field of many-body system with macro-
scopic vorticity, the spin accumulation meets the spatial and
temporal spin-diffusion equation as follows [1,2]:

< ad , 1 ) h
— =DV’ + — Jopu = ——(Q,, 2
dt Tst Tst

where D is the diffusion coefficient and 7y is the spin-flip
time. €2, is the x component of vorticity. Here, ¢ is a renor-
malization factor which is originated from the coarse-graining
procedure of the lattice motion and represents the conversion
efficiency of angular momentum from lattice into electron
spins. When a RSAW propagates at the surface of a semi-finite
elastic body, the vorticity is given by [1]

Q, = @efk,yei(szwt)_ 3)
C

w and u are the angular frequency and deformation amplitude
of the RSAW, respectively. ¢, is the transverse velocity of
the RSAW. The transverse wave number k; is given by k, =
ky/1 — &2, where £ is given by & ~ (0.875 + 1.12v)/(1 + v)
with Poisson ratio v. k is the wave number of the RSAW.
Because the gradient of €2, along the y axis is nonzero, the
SC, which is proportional to the spatial gradient of §u, prop-
agates along the y axis. The asymptotic solution of Eq. (2) for
k;y <« 1is described as follows:

Js — é-Js/ei(kZ_wl) (4)
and
g oot R NIy o
* ec? 1—g2 E A

where A; and oy are the spin diffusion length and the electrical
conductivity, respectively. From Egs. (4) and (5), it is obvious
that the SC is in proportion to op. This is because a highly
conductive Cu has been chosen for the SC generator via SVC
of the RSAW.

III. EXPERIMENTAL SETUP

A RSAW device comprising a pair of Ti(3)/Au(30) in-
terdigital transducers (IDTs) with a finger width of 500 nm
was fabricated on a 128°-rotated Y-cut LiNbO;3 substrate.
When AC voltage is applied to the IDT, a lattice deformation
of the substrate periodically arises due to the piezoelec-
tric effect, and elastic vibration propagates on the substrate.
In the case of 128°-rotated Y-cut LiNbO; substrate, both
longitudinal and transverse components of displacements co-
exist, although those phases differ by 7 /2. Consequently,
an elliptical oscillation of the lattice, i.e., the RSAW mode,

appears. For all structures given in this paper, the numbers
in parentheses are the layer thicknesses in nanometers. As
shown in Fig. 1(b), a 400 x 400 um? square comprising a
Pt(10)/NiFe(20)/Cu(200) trilayer was deposited between the
IDTs, where NiFe represents the Nig;Fe;q alloy. The stacking
order was LiNbOj substrate/Pt/NiFe/Cu, as schematically
shown in Fig. 1. To distinguish the SVC-related phenomena
from the spin-orbit coupling (SOC)-related one, we chose
Cu as a SC generator because its SOC is negligible and the
electrical conductivity is almost the highest in metals. The
latter property is preferred to improve the SVC, as shown in
Eq. (5). An electrode for measuring the Hall voltage along the
x axis was also fabricated. All electrodes were fabricated by
the conventional liftoff technique using electron-beam lithog-
raphy and ultrahigh-vacuum evaporation. The trilayer was
sputtered at an Ar pressure of 0.22 Pa with a background
pressure of approximately 3.0 x 10~* Pa. Figure 1(a) schema-
tizes the Pt/NiFe/Cu trilayer in which a RSAW generates an
alternating SC and the Cartesian coordinates of the system.
When a RSAW propagates along the z axis of the trilayer,
the vorticity generated toward the x axis accumulates spin in
the Cu via SVC. In the device, we can adopt a free-surface
condition for the RSAW excitation. The boundary conditions,
GX)r|surface =0, O'yy|surface =0 and C7zy|surface = 0, where Oij is
the (i, j) component of the stress tensor, determine the dis-
tribution of RSAW vorticity in the trilayer as Eq. (3). Thus,
the amplitude of RSAW vorticity becomes maximum at the
surface of the trilayer film and decays exponentially along
the y axis. The spin accumulation gradient in the nonuni-
form vorticity field generates an alternating SC JSVC along
the y axis in the Cu film. The SC produces a STT in NiFe,
which excites a spin wave in the resonant field uoH. The
spin polarization o of the SC varies its sign along the RSAW
propagating direction with a period of the RSAW wavelength.
Namely, STT on NiFe magnetization, which is given by
m x (m X o), also changes periodically. Consequently, the
periodic STT excites a magnetostatic backward volume wave
(MSBVW), where the wave vector is parallel to the equilib-
rium direction of magnetization. As schematically shown in
Fig. 1(a), the rotation direction of precession is uniform in
the whole NiFe layer, although the rotation phase changes
periodically because the rotation direction depends on the
polarity of external magnetic field along the z axis. Finally,
a DC spin current J5F is generated in the adjacent Pt via
the spin-pumping effect, and voltage induced by the ISHE
appears along the x axis. The DC component of SC generated
via the spin-pumping effect depends on the magnetization
component parallel to the precession axis [15]. The DC Hall
voltage therefore uniformly appears in the whole Pt layer,
although the phase of precession propagates along the wave
vector of the RSAW. The analytical expression of the DC Hall
voltage is shown in Sec. V. Figure 1(b) is a photograph of
the fabricated device. The experimental setups for measuring
microwave absorption and the Hall voltage caused by the
SWR excitation are schematized in Figs. 1(c) and 1(d), respec-
tively. We compared the results of two experiments. Similar to
Kobayashi et al. [5], we first measured the RSAW attenuation
under SWR excitation in NiFe by a vector network analyzer
(VNA) in the frequency-domain mode [Fig. 1(c)]. The SWR
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excitation induced by the alternating SC is responsible for
the energy dissipation related to magnetization damping in
NiFe. In other words, part of the RSAW energy is diverted into
the magnetization dynamics, resonantly reducing the RSAW
amplitude. The RSAW-amplitude reduction was evaluated
from the S, parameter measured by the VNA in a given
static magnetic field [Fig. 1(c)]. In the second experiment,
we measured the Hall voltage by the conventional lock-in
technique while the RSAW propagated through the trilayer.
During the Hall voltage measurement, an IDT transmitter was
injected with a pulse-modulated microwave whose frequency
was matched to the SWR frequency. The frequency of the
pulse modulation was fixed at 188 Hz. The microwave am-
plitude was set to be 17 dBm. For comparison, we conducted
similar experiments on other samples with different layer
configurations, namely, LiNbO3;/W(10)/NiFe(20)/Cu(200),
LiNbO3 /Pt(10)/S10,(20)/NiFe(20)/Cu(200), and LiNbO3/
Pt(10)/NiFe(20)/Si0,(20)/Cu(200). There are several pos-
sibilities of exciting SWR in NiFe other than J5VC from the
Cu layer. First, we discuss how the magnetic rectification
effect in NiFe influences the Hall voltage along the x axis.
The electromagnetic-field leakage from the transmitting IDT
electromagnetically induces an alternating charge current in
the trilayer. Moreover, the magnetization precession in NiFe
caused by the RSAW injection leads to a temporal variation
in the electrical resistance via the anisotropic magnetoresis-
tance effect. This variation induces a rectified voltage whose
magnitude depends on the relative phase difference between
the induced alternating charge current and the resistance
oscillation. The sign of the magnetic rectification effect in
NiFe was independent of the sign of the spin-Hall angle
of the nonmagnetic metal attached to NiFe. Therefore, we
confirmed that the magnetic rectification effect was negligi-
ble and that the inverse spin-Hall signal predominated. The
SiO, inserted between NiFe and Cu effectively suppressed
the STT generated by the alternating SC in Cu, whereas
the SiO, inserted between NiFe and Pt eliminated the STT
generated by the alternating SC in Pt. From the numerical
result of the depth profile of the RSAW amplitude calculated
using the finite-element method (FEM), we confirmed that
the distribution of the RSAW amplitude barely changed when
20-nm-thick dielectric SiO, was inserted between the metallic
layers. Moreover, as shown in Appendix A, we found that
the gradient of the vorticity existed in the whole trilayer film.
Indeed, we have also confirmed that a SWR can be excited in
20-nm-thick Ni via magnetoelastic coupling with a 1.85-GHz
RSAW even when the Ni film is covered by semiconductor
Si with a thickness of 400 nm, which is thicker than the total
thickness of the Pt/NiFe/Cu trilayer [16]. The result suggests
that the RSAW with a frequency of 1.85 GHz is not eliminated
within 400 nm from the film surface. J5V€ can therefore be
generated both in Cu and in Pt via SVC.

IV. EXPERIMENTAL RESULTS

Figure 2(a-2) is a color plot of the reduced microwave
absorption AP"™ in the Pt/NiFe/Cu trilayer. The results are
plotted in the external magnetic field versus the frequency
plane. The reduced microwave absorption AP™™(f, H) is

given by [5,16,17]

[P (f, H) — Py (f, Heer)l
Py (fsaw, Href) )

Here, Py (f, H) is the complex power of the transmitted mi-
crowave calculated from S,; at a given frequency under an
external magnetic field, and P, (f, Ht) represents a refer-
ence signal at the given frequency under a fixed magnetic
field (woHr = 20mT) at which the microwave attenuation
owing to SWR is not observed at frequencies ranging from
1.5 to 2.0 GHz. The field-independent signal can therefore be
removed by subtracting P, (f, Hyer) from Py (f, H).

As shown in Fig. 2(a-2), the microwave absorption was
maximized at 1.85 GHz under a 4.7-mT magnetic field. Fig-
ure 2(a-3) plots the microwave transmission at 20 mT as a
function of frequency. The microwave absorption was largest
at 1.85 GHz, the fundamental frequency of a RSAW prop-
agating through the trilayer between the IDTs. Moreover,
as indicated by dotted lines in Fig. 2(a-2), the microwave
absorption was clearly strongest when both the microwave
frequency and external magnetic field were matched to those
of the dispersion relation of MSBVW excited in NiFe [18],

given by
1 — edelFE:> o
kdxige )’

APnorm(f7 H) —

Q)

14
f= 2—\/|M0H|(|M0H| + poM;
T

where M;, y, and dnire are the saturation magnetization of
NiFe, the gyromagnetic ratio, and NiFe thickness, respec-
tively. This result confirms that the MSBVW in NiFe was
excited by injecting a RSAW into the trilayer.

Figures 2(a-4) and 2(a-5) plot AP"™™ and the Hall volt-
age, respectively, as a function of the magnetic field at
the fundamental frequency fsaw (1.85 GHz), at which the
RSAW is most efficiently injected into the trilayer. Comparing
Figs. 2(a-4) and 2(a-5), we find that the absolute value of
the Hall voltage was maximized in the positive and negative
magnetic fields inducing the largest microwave absorption.
This result confirms the spin-pumping effect of MSBVW
excitation.

As shown in Figs. 2(d-2) and 2(d-4), the microwave ab-
sorption owing to the MSBVW excitation was absent when
the alternating SC in Cu was blocked by the insulation of
Si0O;. The result suggests that we can neglect the SWR caused
by the alternating SC in Pt and/or the magnetoelastic [19] and
Barnett effects in NiFe [17]. The insertion of the 20-nm-thick
SiO; between NiFe and Pt doubles the peak value of AP"™.
It is noted that the peak value is inversely proportional to
the effective Gilbert damping constant of the NiFe. Indeed,
as shown later, the effective Gilbert damping constant of the
NiFe/Pt bilayer is twice as large as the case in the NiFe mono-
layer. This is attributed to the relaxation of the spin angular
momentum in the Pt via the spin-pumping effect. From these
results, we can expect that the insertion of the SiO, thin film
does not alter the mechanical coupling between the metallic
stack and the LiNbO; substrate significantly.

To evaluate the strength of direct SC from the Hall voltage,
we must consider the ISHE in both Pt and Cu because both
metals are directly attached to NiFe, in which the MSBVW is
excited. The Hall voltage associated with the ISHE in Cu can
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FIG. 2. (a-1)-(d-1) Schematic geometries of SWR excitation caused by JSVC and consequent J5¥ generation via the spin-pumping
effect. Experimental results of RSAW-induced spin pumping in (a) Pt(10)/NiFe(20)/Cu(200), (b) W(10)/NiFe(20)/Cu(200), (c)
Pt(10)/Si0,(20)/NiFe/Cu(200), and (d) Pt(10)/NiFe(20)/Si0,(20)/Cu(200). (a-2)—(d-2) Color plots of microwave absorption in the external
field versus the frequency plane. (a-3)—(d-3) P»; at 20 mT as a function of frequency. (a-4)—(d-4) Microwave absorptions and (a-5)—(c-5) Hall

voltages measured at each fundamental frequency of the RSAW.

be separately evaluated in the Pt/SiO,/NiFe/Cu structure,
which blocks the direct SC pumped from NiFe by the inserted
SiO, and hence eliminates the Hall voltage associated with
the ISHE in Pt. As shown in Fig. 2(c-5), the Hall voltage
associated with the ISHE in Cu was negligibly small owing
to the tiny spin-Hall angle of Cu [20].

Finally, we discuss how the magnetic rectification effect in
NiFe influences the Hall voltage along the x axis. To evaluate
the contribution of the magnetic rectification effect in NiFe,
we examined the sign change in the Hall voltage when Pt
was replaced with W. Recall that the spin-Hall angles of
Pt and W are opposite in sign. The voltage induced by the
magnetic rectification effect must be even with respect to the

spin-Hall angle of the adjacent nonmagnetic film. As shown in
Fig. 2(b-5), the sign of the Hall voltage under a given magnetic
field was reversed when Pt was replaced with W. Therefore,
the Hall voltage developed in the trilayer injected with the
RSAW was dominated by the ISHE in the Pt or W attached
to NiFe.

V. ANALYTICAL MODEL FOR EVALUATING
THE ALTERNATING SPIN CURRENT

In this section, we discuss the DC Hall voltage produced
by the spin-pumping effect in the spatially nonuniform spin
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wave mode. In the RSAW device, the side length of the tri-
layered square is shorter than the width of the IDT. Thus, the
spread of the wave front of the RSAW is negligible. Moreover,
the thickness of the NiFe layer is thinner than the exchange
length. Consequently, the magnetization vector m in the NiFe
layer can be spatially varied only along the z axis. From the
results of the input power dependence shown in Appendix B,
the SWR was excited in a linear region. Consequently, we
neglect nonlinear terms in our analytical model. The spatial
and temporal evolution of the magnetization m(z,t) in an
effective magnetic field H. is generally described by the
Landau-Lifshitz-Gilbert (LLG) equation [21],

dm(z, t)
e’
(®)
where « is the Gilbert damping constant. We suppose that H ¢
comprises an external magnetic field H.x, a demagnetizing

field Hy, and an effective magnetic field induced by STT H
as follows:

d o
Em(z, 1) = —ym(z,t) X pwoHeg + Em(z, 1) x

H(z,t) =Hex + Hy(z, 1) + Hy(z, 1), 9
where
0
H,=1] 0|, (10)
Hex
Hy(z1) = — N m(z,1), (10
and
hTJSVC
HSI(ZV t) - : m(Z, t) X U(Z7 t)v (12)

2epoM2dyire

where T, (ﬁ), and e denote the spin transparency at the
NiFe/Cu interface, the demagnetizing tensor, and the elemen-
tary charge, respectively. o(z, t) is the spin polarization vector
of JSVC. Because dyire is shorter than the exchange length
of NiFe [22], the magnitude of Hy is independent of the y
coordinate, although the amplitude of J3V€ decays within the
spin diffusion length of the NiFe. In our analytical model, for
simplicity, the in-plane demagnetizing field is assumed to be
uniform because kdnire < 1. As the rectangular surface area
of the trilayer device is much larger than the NiFe thickness
(20 nm), the demagnetizing tensor applicable for an infinite
plane is assumed in Eq. (11). To solve Eq. (8), we con-
sider a small precession limit of the magnetization m(z, t) =
(Mm@ =K el @ =k M) around the equilibrium direction
along the z axis and neglect the second-order contribution
of the precession amplitude. The complex amplitudes of dy-
namic magnetization components 7, and m, under the SWR
excitation condition are respectively obtained as follows:

1 y h

m, = L pysve
(—i+a)ymoM; + 2 + ic)aw dire 2¢ °
(13)
my = . i(—i+a) ‘ 14 Eijvc
- (=1 + i)y uoMs + (—2i + o)ow dnipe 2¢
(14)

According to general spin-pumping theory, the DC spin
current JSF pumped from a ferromagnet to an adjacent non-
magnetic material is given by [15]

g /2 MG 1| gotm) x < Refm}ar (15)
= — — elm| X —Re\m
T )y Tan M2 d ’

where Ggf% is the real part of the effective spin-mixing conduc-
tance. The z dependence of the magnetization disappears after
integration over one cycle of the time because the integral of
Eq. (15) is invariant under the time-translation transformation
of the integral. This analytical model suggests that the am-
plitude of the spatial and temporal JSSVC can be estimated by
measuring J5F via spin pumping from the SWR.

The direct electromotive force Vj resulting from the ISHE
developed in the Pt of the Pt/NiFe/Cu trilayer is expressed
as [15]

2e d,
Vis = RpBsiihs (E>tanh<22 )JEP. (16)

Here, Rp, 6sy, and dp; are the electrical resistance, spin-
Hall angle, and thickness of the Pt layer, respectively. From
Egs. (13)—(16), we finally derive the relation between Vy and
JSVC 4

Vit = Rufsiths [ 25 )tanh [ 7 ey
— A — an
it = RpOsuds| — 2hs ) 4 (1 + o) udMAdl .

A 2
x <T— EVC> : (17)
2e
Using Eq. (17), we can obtain the amplitude of J3VC from
the measured Vy. As seen in Eq. (17), the magnitude of Vy is
inversely proportional to the square of dnir.. Namely, thinner
NiFe is preferred to improve the detectable J5VC from the Vi
value. When dyig. is decreased from 20 nm to the spin dif-
fusion length of NiFe (~4 nm) [23,24], the magnitude of V4
can be 25 times larger than in Figs. 2(a-5)-2(c-5). Conversely,
thicker NiFe is better to observe the microwave absorption
owing to the MSBVW excitation, as seen in Figs. 2(a-4)—
2(d-4). In this study, we chose 20-nm-thick NiFe to satisfy
the above conflicting requirements.

VI. EVALUATION OF THE ALTERNATING SPIN CURRENT
GENERATED VIA SPIN-VORTICITY COUPLING

In this section, we quantitatively estimate the magnitude
of JSVC induced by SVC from the Hall voltage. Before eval-
uating the magnitude of JSVC by Eq. (17), we require G
and T. Both parameters were determined by conventional
VNA ferromagnetic resonance (FMR) measurements. From
the Hall voltage, we then estimated the magnitude of JSVC
using the analytical model developed in Sec. V.

A. Spin-mixing conductance and spin transparency

The values of Ggf% and T are generally evaluated from the
change in the FMR linewidth when a nonmagnetic material
contacts a resonating ferromagnet. Here, we evaluate Ggf% and
T at the Cu/NiFe and Pt/NiFe interfaces. For this purpose, we
prepared microstrips of NiFe(20)/Pt(20), NiFe(20)/Cu(200),
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FIG. 3. (a) FMR spectrum of a 20-nm-thick NiFe film under
a magnetic field of poH = 126 mT. The solid line is the best-fit
equation that combines the Lorentz and anti-Lorentz functions. The
inset plots the FMR frequency as a function of external magnetic
field (data points) and the best-fit Kittel equation for infinite fer-
romagnetic thin films (solid line). (b) Frequency linewidths of the
FMR spectra as a function of FMR frequency in NiFe/Pt (green
diamonds), NiFe/Cu (blue triangles), and NiFe (red circles). Dotted
lines are the best-fit linear functions to the three data sets.

and NiFe(20) and electrically connected them to a coplanar
wave guide (CPW) made of Ti(3)/Au(70) on a surface-
oxidized Si substrate. The FMR spectrum was obtained by
measuring the changing effective impedance while sweeping
the external magnetic field along the longitudinal direc-
tion of the CPW. From the frequency dependence of the
FMR linewidth, we evaluated the effective Gilbert damping
constant.

Figure 3(a) represents a typical FMR spectrum of the
NiFe(20) sample at uoH = 126 mT. ASj; is the background-
subtracted S;; determined from the reference field measure-
ments, woHer = 200mT. The FMR frequency and linewidth
were evaluated by fitting the data to an equation combining
the Lorentzian and anti-Lorentzian functions. As shown in the
inset of Fig. 3(a), fpmr versus uoHpvr was well fitted by the
Kittel equation:

14
feMr = E\/|MOHFMR|(|MOHFMR| + woMy).  (18)

From the curve fitting, the saturation magnetization poM, of
the NiFe film was evaluated at 0.90 T.

Figure 3(b) plots the FMR linewidth versus FMR fre-
quency in the NiFe/Pt, NiFe/Cu, and NiFe samples. The
FMR linewidth A fpvr was generally given by [25]

Afrvr = Afo + 20 frmr, (19)

where A fj is the linewidth broadening induced by the inho-
mogeneous magnetic properties. Thus, the Gilbert damping
constant can be evaluated from the gradient of the A fpvr ver-
sus frmr plot for each sample. Fitting the experimental results
to Eq. (19), we estimated « as 0.0067, 0.012, and 0.0076 in the
NiFe, NiFe/Pt, and NiFe/Cu samples, respectively.

According to spin-pumping theory [15], « is enlarged
when a ferromagnetic material is attached to a nonmagnetic
metal because the pumped spin angular momentum is relaxed
via the SOI in the nonmagnetic metal. Thus, o depends on
Ggff as follows [26]:

o 8MB
M a7 Mydxire”

where g and up are the g factor and Bohr magneton. onipe and
QNiFe/Pr(Cu) are the Gilbert damping constant of the bare NiFe

film and NiFe/Pt(Cu) film, respectively. To evaluate Ggf%, we
compared the Gilbert damping constants with and without
spin pumping. Finally, the Ggf% values at the NiFe/Pt and
NiFe/Cu interfaces were determined as 4.0 and 0.69 nm~2,
respectively. These values quantitatively agree with the previ-
ously reported spin-mixing conductance [27].

Assuming spin-Hall magnetoresistance theory, the spin
transparency T  at the NiFe/Cu interface was determined as

[28,29]

QINiFe/Pt(Cu) = ONiFe + G (20)

dcy
_ Glunh(%) on
GNcoth(‘%) + 2"83“;’ '
where
ocuh dey
GT\L — ™ 2¢2 ) tanh( As ) (22)

eff oc,h deu G
22 ) tanh ( s ) - Geff

and o, is the conductivity of Cu. G is the bare spin-mixing
conductance, estimated by considering the spin-backflow ef-
fect in the effective spin-mixing conductance [30]. Inserting
G;ﬁ into Egs. (21) and (22), T at the NiFe/Cu interface was
calculated as 0.074.

B. Evaluation of alternating spin current from Hall voltage

Finally, we evaluated J5VC from the Hall voltage. Fit-
ting the Hall voltage spectrum [Fig. 2(a-5)] to a symmetric
Lorentzian function, the electromotive force induced by the
ISHE in Pt was evaluated at 12.0 nV. Inserting the Hall
voltages measured in Pt/NiFe/Cu [Fig. 2(a-5)], the T and
G;% values evaluated at the NiFe /Pt interface, and the typical
values of 6sy and XA, for Pt (0.03 and 8.0 nm, respectively)
[31] into Eq. (17), J3V€ was calculated as 3.8 x 10! A/m?.
The effective field of JSVC driving the NiFe magnetization
dynamics was calculated as Hy = 0.6 mT by Eq. (12). In a
spin-torque FMR experiment in which the SWR was similarly
excited by an alternating SC, the consequent direct SC emit-

. . . . \L
ted via spin pumping was determined to be J* = CfG k2.
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Here, h is the effective radio-frequency field driving the
magnetization precession, and C is a material-dependent pa-
rameter. In the conventional spin-pumping experiment for the
NiFe/Pt bilayer film [32], the value of C is evaluated to
be 6.2 x 1073* Js/T, with J5F = 9.5 x 105 A/m?, Glt% =
2 x 10" m™2, f =8GHz, and & = 0.55mT. In our case,
the value of J5F can be evaluated to be 8.5 x 10° A/m?
from the experimentally measured Vy and Eq. (16). Us-
ing JSSP, GTff, and Hg, we estimated a similar C value of
8.8 x 10’3‘? Js/T. This comparable spin-pumping parameter
C confirms that J3V€ was properly estimated by our analytical
model.

Finally, we evaluate the conversion parameter of the an-
gular momentum from lattice vorticity into electron spin ¢
from the obtained amplitude of J3VC and Egs. (4)—(5). Re-
cently, we succeeded in evaluating the amplitude of u( in
the RSAW device by measuring the SWR excited with the
Barnett effect [17]. The RSAW amplitude averaged along the
film thickness was evaluated at 6.3 pm when a microwave
with an amplitude of 5 dBm was applied to the IDT. Thus,
we can expect the value to be 79 pm when the input power
increases to 17 dBm. From the u value, we obtain ¢ of
2.6 x 10%, which is four orders of magnitude larger than that
of liquid-mercury flow [2,3]. Theoretically, the conversion
efficiency of the angular momentum from the lattice into
electron spins becomes larger when the difference of the
energy scales is smaller between lattice motion and spins.
Consequently, the renormalization factor of the elastic system
is much larger than that of the liquid-metal flow because the
elastic motion of our setup is in the gigahertz range whereas
the vorticity of the liquid-metal flow is in the kilohertz
range.

VII. CONCLUSION

In this paper, we evaluated the alternating SC generated
in a Cu thin film via SVC of the RSAW. Spin pumping
in the Pt/NiFe/Cu trilayer converts the alternating SC into
the direct SC, which is proportional to the squared ampli-
tude of the alternating SC and can be electrically detected
by ISHE. Comparing the ISHE signals of the W /NiFe/Cu,
Pt/Si0, /NiFe/Cu, and Pt/NiFe/SiO,/Cu systems, we con-
firmed that the SWR was excited by the alternating SC
generated in the Cu layer. When spin pumping converted
the alternating SC to direct SC, a Hall voltage appeared in
the Pt layer. Using our analytical relation between the alter-
nating and direct SCs, we estimated the alternating SC in
the Cu layer to be 3.8 x 10'' A/m? under SAW excitation
by an electric power of 17 dBm. From the SC amplitude,
we found that the renormalization factor ¢ of the RSAW-
driven SVC in the Cu film can be much larger than the
SVC in a liquid-Hg flow. Namely, the elastic vorticity of
SAW is suitable for the SC generation via SVC. To fur-
ther understand the microscopic mechanism of the SVC, the
material dependence of ¢ should be investigated; especially,
the influence of the spin-orbit coupling on the magnitude of
SVC is important to discuss the coupling between macro-
scopic angular momentum and microscopic spin angular
momentum.

Qx 100

' (rad/s)
= " Pt/NiFe/Cu 1
il Mo.5
. :
50 0
2.1; 1§-0.5
8 -1
-2 | LiNbO,

90 95

Z-coordinate (pm)

FIG. 4. Color plot of RSAW vorticity calculated for the
Pt(10)/NiFe(20)/Cu(200) trilayer on the LiNbO; substrate.
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APPENDIX A: FEM CALCULATION OF SAW

In Sec. IV, we compared AP™™ values between
Pt/NiFe/Cu and Pt/SiO,/NiFe/Cu to evaluate the magni-
tude of SWR owing to a SC generated in the Pt layer
via SVC. In the comparison, we assumed that the inten-
sity distribution of the vorticity in Pt/NiFe/Cu bilayer was
not changed by inserting 20-nm-thick SiO, between Pt and
NiFe. To confirm the assumption, we examined the distri-
bution of the RSAW vorticity numerically using the FEM
with the COMSOL MULTIPHYSICS software package [33]. The
geometry and material parameters used for the FEM cal-
culation were identical to the experimental conditions. A
perfectly matched layer was assumed in the bottom layer
to prevent wave reflection. One of the IDTs was connected
to a microwave source with a power of —5 dBm, and
another IDT was terminated with 50 Q2 impedance. We com-
pared the distribution of the RSAW vorticity between two

1.2

Vy/Vy; (17 dBm)
© o o =
B )] o] o
]
o
9

o
N
(]

0'00 10 20 30 40 50

Microwave power (mW)

FIG. 5. Microwave power dependence of reduced Vy by the ref-
erence value at 17 dBm. The dotted line shows the result of the best
fit with a linear function.
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layer configurations consisting of Pt(10)/NiFe(20)/Cu(200)
and Pt(10)/Si0,(20)/NiFe(20)/Cu(200). Figure 4 shows a
color plot of RSAW vorticity at the fundamental frequency
for Pt(10)/NiFe(20)/Cu(200). The polarity of the vorticity
changes along the z axis with a period of the RSAW wave-
length, which is consistent with the analytical solution in
Eq. (3). As shown in Fig. 4, the RSAW vorticity exists
throughout the trilayer. We confirmed that the insertion of
20-nm-thick SiO, between the Pt and NiFe layers showed
only an 8% decrease of the vorticity at the NiFe/Cu interface.
The numerical result is consistent with the experimental result
that the peak magnitude of AP"™ is not decreased with the
insertion of a SiO; layer.

APPENDIX B: POWER DEPENDENCE OF
THE HALL VOLTAGE

Figure 5 shows the reduced Hall voltage Vy by the ref-
erence value at 17 dBm as a function of input power. The
amplitude of uy is proportional to the square root of the
microwave power used to excite the RSAW. From Egs. (5)
and (17), therefore, the measured Vy is also proportional to
the microwave power. Indeed, as shown in Fig. 5, the value
of Vy increases linearly with the microwave power up to 50
mW. The result suggests that our experiment is in the linear
responding regime, and consequently, we can linearize the
LLG equation as shown in Sec. V.
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