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We demonstrate the generation of alternating spin current (SC) via spin-rotation coupling 

(SRC) using a surface acoustic wave (SAW) in a Cu film. Ferromagnetic resonance caused by 

injecting SAWs was observed in a Ni-Fe film attached to a Cu film, with the resonance further 

found to be suppressed through the insertion of a SiO2 film into the interface. The intensity of 

the resonance depended on the angle between the wave vector of the SAW and the 

magnetization of the Ni-Fe film. This angular dependence is explicable in terms of the 

presence of spin transfer torque from a SC generated via SRC. 
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The interaction between a localized magnetic moment and spin angular momentum flow, 

i.e., spin current (SC), has been widely used to control spintronic devices such as spin random 

access memories [1] and spin-torque oscillators [2]. In general, SC is produced by a 

nonequilibrium spin state that can be generated using spin accumulation at an interface 

between ferromagnetic and nonmagnetic materials [3], a thermal gradient in the 

ferromagnet [4], and phonon [5] or magnon [6] dynamics. Moreover, momentum locking in 

spins arising from spin-orbital interaction (SOI), which has been widely investigated as the 

Spin Hall [7] and Rashba [8] Effects, can also be utilized to generate an SC without the use of 

ferromagnetic materials. It is noted that all of these methods require ferromagnets and/or 

noble nonmagnetic materials with a strong SOI.  

Recently, an alternative method for generating SC in familiar nonmagnetic materials with a 

weak SOI was theoretically developed by Matsuo et al. based on the coupling between a 

microscopic spin angular momentum and a macroscopic rotational motion in a nonmagnetic 

material, i.e., spin-rotation coupling (SRC) [9]. It is widely understood that spin angular 

momentum can be mutually converted using macroscopic rotation in accordance with the law 

of angular momentum conservation. Indeed, conversion from a magnetic moment originating 

in spin angular momentum to macroscopic rotation was experimentally demonstrated in 

ferromagnetic bodies by Einstein and De Haas [10], while Barnett produced the inverse 
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conversion [11]. Based on an analytical solution of the Dirac equation with general covariance, 

Matsuo et al. theoretically predicted that the same type of mutual conversion can be achieved 

for free electrons in nonmagnetic metals with a weak spin-orbital coupling [12]. They 

predicted that, unlike that in ferromagnets, the SRC in nonmagnetic materials can lead to spin 

accumulation originating from the spin angular momentum of conduction electrons. The SRC 

is defined by the following Hamiltonian: Ωσ ⋅−=
2
h

sH , where h  is the reduced Planck 

constant, σ  is the vector of the Pauli matrices, and Ω  is the angular velocity of 

macroscopic rotation [13]. Unlike the Zeeman interaction, which couples with a magnetic 

moment originating from the spin angular momentum, the SRC can directly couple with the 

spin angular momentum itself.  

Matsuo et al. theoretically proposed a method to produce SCs in a semi-infinite 

nonmagnetic metal using a Rayleigh-type surface acoustic wave (R-SAW) via SRC [9, 14]. In 

the case of an R-SAW with vorticity v×∇ ,  is given by v×∇=
2
1Ω , where v is the 

velocity field of an R-SAW with an amplitude decaying exponentially along the thickness 

direction. The lattice deformation of the R-SAW, therefore, generates a gradient in Ω , and 

the SRC directly converts this vorticity to electron spin in the nonmagnetic material. Thus, the 

vorticity gradient produces a gradient of spin accumulation, which leads to an opposite flow 

of up and down spins, i.e., a pure SC. SC generation via SRC is a consequence of the 

generally covariant Dirac theory, although the vorticity gradient seemed to play the same role 

Ω
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with an effective magnetic field gradient in the Stern–Gerlach experiment [15]. According to 

SRC theory, an R-SAW propagating along the x-axis [9] corresponds to an SC in the depth 

(z-axis) direction of a semi-infinite nonmagnetic metal that can be approximately represented 

as: 
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for ktz << 1, where σ0, vt, kt, and λs are the electrical conductivity, transverse velocity of the 

sound wave, transverse wave number, and spin diffusion length in the metal, respectively; u0 

and ω are, respectively, the amplitude and frequency of the R-SAW; ζ is a normalization 

factor representing conversion efficiency between spin and mechanical rotation [16]; and ξ is 

a constant given by ξ ≈ (0.875 + 1.12ν)/(1 + ν) with the Poisson ratio ν, and is related to the 

dispersion relation between ω and k as ξω kvt= . In the R-SAW case, kt is given by 

21 ξ−= kkt , where k is the longitudinal wave number. It is noted that the imaginary unit in 

Eqs. (1) and (2) represents the phase difference of π/2 between the vorticity of R-SAW and 

spin current. As shown in Eqs. (1) and (2), an R-SAW with a high frequency will preferably 

produce a large Js. It should be noted that the sign of the vorticity is periodically varied along 

the x-axis; in other words, the amplitude of the consequent SC is temporally varying and 
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periodically distributed on the plane. These features make it difficult to measure the SC 

electrically using the inverse Spin Hall Effect, which is generally used to detect SC [17]. 

Although the generation of SC via R-SAW SRC has not been demonstrated to date, 

macroscopic rotation without the use of R-SAW has been reported. Chudo and Ono et al. 

demonstrated the generation of an SRC-derived Barnett field in both nuclear spin systems and 

rare earth metals in paramagnetic states using a high-speed rotor with rotational frequencies of 

up to 10 kHz [18]. Takahashi et al. succeeded in detecting SC generated via the vorticity 

gradient in a mercury flow by measuring the inverse Spin Hall Effect [19]. Using the 

techniques used to carry out these experiments, however, it is hard to increase the frequency 

of mechanical rotation to the order of gigahertz (GHz), which, by contrast, is viable in 

R-SAW experiments. This underlines the usefulness of SC generation via a mechanism such 

as R-SAW to understand the SRC at GHz frequencies.  

 In this Letter, we demonstrate the generation of such a non-uniform, alternating SC through 

measurement of a ferromagnetic resonance (FMR) derived from a spin transfer torque (STT) 

of the SC in a ferromagnet (FM)/non-magnet (NM) bilayer. Figures 1(a) and 1(b) show 

schematics of the basic principles underlying our experiment for verifying the creation of 

non-uniform alternating SC generated by an R-SAW. The NM and FM layers shown in Fig. 

1(a) act as source and detector of the SC, respectively. When the R-SAW propagates at the 

FM/NM bilayer, an alternating SC is generated in the NM and then, spin accumulation is 
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diffused toward the interface of the FM/NM bilayer, as shown schematically in Fig. 1(a). The 

alternating SC injected from the NM to the FM imparts an alternating spin-torque onto the 

magnetization in the FM, as illustrated in Fig. 1(b). If the strength of the external magnetic 

field H is consistent with the ferromagnetic resonant field at the frequency of the alternating 

SC, an FMR is excited and energy dissipation occurs in the FM. Although the SC induced by 

the R-SAW vorticity via SRC produces both positive and negative STTs on the magnetization 

of the FM, the energy dissipation from the magnetization damping is independent of the sign 

of torque. Thus, unlike measurement of SC via inverse Spin Hall Effect, the microwave (MW) 

absorption in the FM owing to the positive and negative SCs is not compensated; as a 

consequence, as shown schematically in Fig. 1(b), the amplitude of the R-SAW, which can be 

easily measured using a vector network analyzer (VNA), is suppressed by the energy 

dissipation of the FMR excitation. Note that a torque on the magnetization is also produced by 

a magnetostriction effect in the FM and/or by electromagnetic field leakage from the 

interdigital transducer (IDT) used for exciting the R-SAW [20]. Furthermore, the SRC in the 

FM produces a Barnet field, which also applies a torque to the magnetization. These 

influences should therefore be evaluated to confirm the successful generation of SC via 

R-SAW in the FM/NM bilayer. In this Letter, we confirm that the FMR excitation from the 

electromagnetic field can be minimized through the suppression of FMR absorption by 

inserting a nonmagnetic insulator between the FM and NM or completely removing the NM. 



7 
 

We also confirm that the dependence of FMR absorption on the angle between the external 

magnetic field and the propagating direction of the R-SAW differs substantially from what 

would be expected in cases in which magnetostriction of the FM is modulated by the R-SAW 

[20]. Furthermore, the NM thickness dependence of the MW absorption also strongly 

suggests that the SC is successfully generated via SRC in the NM. 

 A schematic experimental setup and photomicrograph of the experimental device used in the 

study are shown in Fig. 1(c) [21]. The two transducers, IDT1 and IDT2 in Fig. 1(c), perform, 

respectively, as a transmitter and detector of the R-SAW. As schematically shown in Fig. 1(c), 

a rectangle of ferromagnetic Ni81Fe19/nonmagnetic Cu bilayer was deposited between the 

IDTs. Copper was used as a SC generator in our device since, as can be seen from Eqs. (1) 

and (2), highly conductive materials with a long spin-flip time are favorable for improving 

SRC. The Ni81Fe19 alloy (hereafter referred to as Py) was used as the FM to reduce the 

influence of magnetostriction [22]. As shown in Fig. 1(c), the amplitude of the R-SAW 

propagating from IDT1 to IDT2 was evaluated from VNA measurement of the S21 parameter 

in frequency-domain mode at a given external magnetic field [23]. The MW input power was 

fixed at −5 dBm because the SRC effect was scaled with the power [24]. An external 

magnetic field was applied to match the FMR frequency of the FM with the R-SAW 

frequency. To study the angular dependence of FMR absorption, the angle θ between the 

external magnetic field and the propagating direction of the R-SAW was adjusted from 0 to 
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90° at intervals of 10°. For comparison, the same experiment was performed using a sample 

comprising a rectangle of Py (20 nm) or Py (20 nm)/SiO2 (20 nm)/Cu (200 nm). All 

measurements were performed at room temperature, and Ti (5 nm) was deposited as an 

adhesion layer in all samples.  

 Figure 2(a) shows a color plot of the reduced MW absorption ΔPnorm(f, H), given by  

( ) ( ) ( )
( )ref

peak
SAW

refnorm

HP
HfPHfP

HfP
,,

, 2121 −
=Δ       (3) 

in the rectangular Py(20 nm)/Cu(200 nm) bilayer as a function of frequency and external 

magnetic field applied along θ  = 0. Here P21(f, H) is the transmitted MW power calculated 

from S21 at a given frequency f and an external magnetic field H. P21(f, Href) represents a 

reference signal at a given f and fixed magnetic field μ0Href = −15 mT that is sufficiently large 

to saturate the magnetization of Py. Note that FMR does not occur at Href in the frequency 

range shown in Fig. 2(a). By subtracting P21(f, Href) from P21(f, H), the field independent 

signals can be successfully removed and the subtracted P21 can be further normalized to 

( )ref
peak

SAW HP , which is the peak intensity of P21(f, Href). The deformation amplitude u0 of the 

R-SAW owing to mismatch of acoustic impedance depends on both the material properties 

between the IDTs and the film thickness. Note that ΔPnorm(f, H) in Eq. (3) is independent of u0 

because both ( )ref
peak

SAW HP  and the absorption caused by the SRC of the R-SAW, 

( ) ( )refHfPHfP ,, 2121 − , are proportional to u0
2 [25]. 

 When the wave vector of R-SAW is parallel to the magnetization, a magneto-static backward 
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volume wave (MSBVW) whose wave vector also parallel to the magnetization is expected to 

be excited. The pair of broken lines in Fig. 2(a) show the dispersion relation of the MSBVW 

given by  
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where γ is the gyromagnetic ratio, d is the thickness of FM, k is the wave number of MSBVW 

and Ms = 0.98 T is the saturation magnetization of Py [26]. The vertical dotted line in Fig. 2(a) 

shows the excitation frequency of the fundamental R-SAW shown in Fig. 2(b), which has a 

frequency-dependent transmission power. The peak frequency of 1.59 GHz in Fig. 2(b) 

corresponds to the fundamental frequency of an R-SAW propagating from IDT1 to IDT2 

through the rectangular Py/Cu bilayer. As shown in Fig. 2(a), a high degree of MW absorption 

occurs when the external magnetic field is consistent with the resonant field at the R-SAW 

excitation frequency; this suggests that the MW absorption is attributable to the interaction 

between the magnetization and the R-SAW. Figure 2(c) shows an enlarged plot of the FMR 

absorption in the Py/Cu bilayer occurring when the FMR frequency is matched with the 

fundamental frequency of the R-SAW. The FMR absorption completely disappeared when 

time gating was performed in the range of 0 to 100 ns, a time interval preceding the arrival of 

the R-SAW at IDT2; by contrast, a much faster electromagnetic wave (EMW) reached IDT2 

within 100 ns. These results suggest that the FMR excitation arising from EMW propagation 

from IDT1 to IDT2 was negligibly small. Indeed, as shown in Fig. 2(d), there was little MW 
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absorption in the Py sample between IDT1 and IDT2. Furthermore, as shown in Fig. 2(e), 

insertion of insulating SiO2(20 nm) between the Py and Cu layers also led to strong 

FMR-based suppression of MW absorption. Together, these results suggest that the presence 

of both the nonmagnetic Cu layer and the clean interface between the Py and Cu layers are 

significant to the appearance of the FMR excitation in the Py layer; i.e., as shown 

schematically in Figs. 1(a) and 1(b), it seems reasonable to suppose that an alternating SC is 

generated in the Cu layer via SRC, with the subsequent STT leading to FMR excitation in the 

Py layer. Namely, the Barnet field inside the FM is considered to be very small. 

To support the hypothesis of alternating SC generation via SRC in the NM, we examined 

the angular dependence of FMR absorption in the Py/Cu bilayer. The STT amplitude will be 

at a maximum when the spin angular momentum of the SC is orthogonal to the 

magnetization; conversely, a collinear orientation of injected spin with respect to the 

magnetization will completely eliminate the STT. In the case of SC generated by an R-SAW, 

the spin angular momentum is oriented along the R-SAW vorticity vector, which lies in a 

plane orthogonal to the R-SAW wave vector. Thus, the STT strength can be modulated by 

varying the angle θ between the Ni81Fe19 magnetization and the wave vector of the R-SAW. 

Figure 3(a) shows the θ-dependence of the peak intensity of MW absorption in the Py/Cu 

bilayer. The strongest MW absorption is observed at around θ = 0, where a maximum STT 

would be expected because it is the orientation at which the spin angular momentum of the 
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SC is orthogonal to the magnetization. The MW absorption monotonously decreases with 

increasing |θ |. The angular dependence differs entirely from the magnetostriction-dominant 

case [20]. A comparison of these two R-SAW attenuation cases leads to the conclusion that 

the angular dependence of MW absorption seen in Fig. 3(a) is attributable to the STT arising 

from the SC generated by the SRC in the R-SAW. 

Finally, the tCu-dependence of the MW attenuation was examined to check the depth profile 

of the amplitude of SC generated by the R-SAW SRC, as shown in Fig. 3(b). It was found that 

the peak amplitude of MW attenuation showed a monotonous increase until 200 nm with 

increasing tCu, suggesting that the amplitude of the SC generated by the R-SAW SRC can be 

improved by increasing tCu. This is consistent with the theoretically expected depth profile of 

the spin current. Figure 3(c) shows a numerically evaluated snapshot of the temporal variation 

in the depth profile of Js, which is calculated from the gradient of the spin accumulation as 

obtained by numerical integration of Eq. (9) in Ref. 9. The depth profile of Js reveals that the 

maximum amplitude of SC under R-SAW excitation in a semi-infinite nonmagnetic metal is 

located at 179.0 −= tkz . In the case of Cu with a Poisson constant of 0.343 [27], kt is 

evaluated as 1.32×106 m−1, which is 0.35 times the wavenumber of the R-SAW [28]. Finally, 

we can confirm that the depth of maximum Js is approximately 600 nm from the surface of 

the metallic film. The monotonous increase in the amplitude of MW absorption until tCu = 200 

nm, as seen in Fig. 3(b), is qualitatively consistent with the theory showing a gradual increase 
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of SC at the sub-μm scale. 

 In summary, we demonstrated the conversion of alternating SC from a macroscopic rotation 

generated by an R-SAW propagating in a Py/Cu bilayer deposited on a LiNbO3 substrate. An 

FMR excited in the Ni81Fe19 layer was successfully observed when the fundamental frequency 

of the R-SAW matched the FMR frequency. The strength of FMR excitation was strongly 

suppressed when the Cu layer was removed from the bilayer or when an insulating SiO2 layer 

was inserted into the interface of the bilayer, presenting clear evidence that the alternating SC 

generated in the Cu layer via SRC plays an important role in the FMR excitation. The angular 

dependence of the strength of FMR excitation quantitatively supports the successful 

generation of alternating SC using the SRC arising from an R-SAW. We further found that the 

amplitude of SC can be increased by increasing the thickness of Cu layer to 200 nm, which 

agrees with theoretical expectation. Our experimental results open pathways to the generation 

of alternating SC in SAW devices without the use of ferromagnets and/or nonmagnetic 

materials with large SOI. 
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supported by JSPS Core-to-Core Program and JSPS KAKENHI Grant Number 17H05183, 

15H01021 and 15K05153, and JST ERATO “Spin Quantum Rectification” (JPMJER1402). 

  



13 
 

Figure captions 

Fig. 1 Schematic illustrations of (a) SC generation via SRC in R-SAW and (b) MW 

absorption owing to FMR excitation caused by SC injection. The R-SAW in Ni81Fe19/Cu 

bilayer generates a mechanical rotation, which leads to an alternating pure SC in the Cu layer. 

When the SC is injected into the Ni81Fe19 layer, a spin transfer torque is exerted on the 

magnetization and an FMR is excited. Some of the elastic energy of the R-SAW is used to 

excite the FMR, which in turn suppresses the amplitude of R-SAW deformation. (c) 

Schematic experimental setup for measuring MW absorption caused by the FMR excitation 

shown in Fig. 1(b). A Ni81Fe19/Cu bilayer was deposited between a pair of IDTs fabricated on 

a LiNbO3 piezoelectric substrate. The S21 MW transmission coefficient was measured while 

applying a static magnetic field at an angle θ from the propagating direction of the R-SAW. 

The inset shows an optical photograph of the device. 

 

Fig. 2 (a) Color plot of reduced MW absorption owing to FMR excitation as a function of 

frequency and magnetic field at θ = 0 measured for rectangular Py (20 nm)/Cu (200 nm) 

sample. (b) P21 as a function of frequency measured at μ0Href = 40 mT, where the FMR 

frequency of the Ni81Fe19 film is much higher than 3 GHz. Enlarged color plots of FMR 

absorption (top panel) and MW transmission properties (bottom panel) measured for (b) Py 

(20 nm)/Cu (200 nm), (c) Py (20 nm) and (d) Py (20 nm)/SiO2 (20 nm)/Cu (200 nm) 
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rectangular samples fabricated between IDTs.  

 

Fig. 3 (a) Angular dependence of the peak value of normalized MW absorption in Py (20 

nm)/Cu (200 nm) rectangle. (b) Cu thickness dependence of the peak value of normalized 

MW absorption in a Py (20 nm)/Cu (200 nm) rectangle. (c) Numerically evaluated snapshot 

of the temporal variation in the depth profile of the spin current Js. The value of Js is obtained 

by calculating the gradient of spin accumulation using the analytical expression given by Eq. 

(9) in Ref. 9. 
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Fig. 1 (Kobayashi et al. submitted to PRL) 
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Fig. 2 (Kobayashi et al., submitted to PRL) 
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Fig. 3 (Kobayashi et al., submitted to PRL) 

 


