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We demonstrate the phase shift of the Rayleigh-type surface acoustic wave (RSAW) in a fer-
romagnetic Ni79Fe21 film based on the gyromagnetic Einstein-de Haas (EdH) torque that can be
attributed to the back action of spin-wave excitation. The EdH torque modulates the transverse
velocity of the bulk acoustic wave that causes the bipolar phase shift of RSAW. When compared
with a magnetoelastic torque, the phase shift can be more prominently enhanced by increasing the
frequency. The gyromagnetic torque in the RSAW paves the way for controlling spin-mechatronics
devices without magnetoelastic torque which is specific to a certain material.

Einstein-de Haas (EdH) effect is a fundamental gyro-
magnetic phenomenon, based on which the conversion of
angular momentum from microscopic spin to mechani-
cal rotation can be clearly observed [1]. The EdH ef-
fect is a spin-dependent inertial phenomenon owing to
the spin-vorticity coupling (SVC), originating from the
general relativistic Dirac equation [2–6]. In addition,
the spin-orbit interaction (SOI), which is based on spe-
cial relativity, can also convert the angular momentum
similarly. Indeed, acoustically driven ferromagnetic res-
onance has been successfully demonstrated using mag-
netoelastic coupling [7–10] and magneto-rotation cou-
pling [11]. From both fundamental and application view-
points, it is important to understand the general and
special relativity effects caused by temporally and spa-
tially nonuniform rotation of ferromagnetic lattice sys-
tems. Especially, the gyromagnetic effect in a ferromag-
netic metal is an interesting research subject because the
SVC-driven phenomenon can be experimentally investi-
gated in strongly correlated solids. However, there are
few studies on the gyromagnetic effect in solids because of
its tiny signal generated by kHz order rotational motion.
Generally, such a tiny EdH torque has been detected
based on mechanical resonance. Increasing the resonant
frequency of the mechanical resonator, i.e., decreasing
the mass moment of inertia, is essential for improving
the detectable EdH torque. The resonant frequency of
the mechanical resonator can be increased because of re-
cent developments in the microfabrication technology for
micro-electro-mechanical-systems (MEMSs). Using such
MEMS resonators, the EdH mechanical force owing to
the spin-wave current [12] and the EdH torque produced
by a radiofrequency magnetic field [13] have been suc-
cessfully observed.

In case of the bulk acoustic wave (BAW) excitation
associated with ultrafast laser-induced demagnetization,
alternating demonstration of the EdH effect has been re-
alized without using a mechanical resonator [14]. In the

time-resolved X-ray diffraction experiment, an impulsive
transverse BAW can be observed within 200 femtosec-
onds after ultrafast demagnetization because of intense
photoexcitation. This result indicated that angular mo-
mentum can be transferred between spin and lattice sys-
tems in a subpicosecond time scale. Furthermore, the
efficiency of angular momentum conversion between spin
and lattice systems became approximately 80%. The
EdH effect is a promising candidate to ensure the ultra-
fast and energy-efficient operation of spin mechatronics
devices.

In this Letter, we successfully demonstrated the phase
shift of the Rayleigh-type surface acoustic wave (RSAW)
based on the EdH effect in a ferromagnetic Ni79Fe21 thin
film . The RSAW is known as the collective harmonic os-
cillation of atomic lattice in elastic materials. Recently,
the RSAW has been widely investigated for spin current
generation [5, 15–18], field sensing [19], acoustic rectifi-
cation [11, 20–27], and magnetization switching [28, 29].
When the RSAW propagates through a ferromagnetic
thin film, the gyromagnetic spin-wave resonance (SWR)
is excited owing to the Barnett effect [31, 32] which
enables the transformation from the mechanical angu-
lar momentum of RSAW to the magnetic angular mo-
mentum. In the previous study [30], the SWR ampli-
tude has been evaluated from a gyromagnetic attenuation
of RSAW according to an energy conservation between
RSAW and SW. It is noted that the gyromagnetic effect
in RSAW is reciprocal as can be inferred from the EdH
and Barnett effects originally observed in an iron rigid
body [1, 31, 32]. Namely, we can also attribute the at-
tenuation of the RSAW to the EdH effect caused by the
SWR excitation. Recently, the back action of the magne-
toelastic effect in case of RSAW propagating through a
ferromagnetic thin film has been theoretically predicted
[33]. We develop an analytic model that extends this the-
ory to include the contributions of EdH torque to elastic
motion and find that the additional stress that can be
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FIG. 1. (a) Schematic of the stress component σEdH
zx generated

by the EdH effect. The direction of EdH torque is opposite to
the temporal derivative of magnetization ∂tM . Illustration of
RSAW propagating through the FM thin film (b) with and (c)
without the excitation of SWR. An external field is applied
parallel to the wave vector of the RSAW so that MSBVW is
excited. The wavelength of the RSAW λRSAW is modulated
by ∆λ owing to the EdH effect in FM.

attributed to the EdH effect (shown in Fig. 1(a)) mod-
ulates only the transverse sound velocity ct of the bulk
acoustic waves, although the longitudinal sound velocity
cl does not change at all. As a consequence, the RSAW
velocity cR, which depends on ct and cl, is modulated
by the EdH effect, resulting in a change in the wave-
length, as schematically shown in Figs. 1(b) and 1(c).
Thus, through our phase-sensitive measurement using a
vector network analyzer (VNA), the phase shift could be
successfully detected, the magnitude and frequency vari-
ations of which are consistent with our analytical predic-
tions.

Figure 2 schematically presents the setup used for mea-
suring the EdH phase shifts in the RSAW propagating
through a ferromagnetic Ni79Fe21 film. A pair of in-
terdigital transducers (IDTs) comprising Ti(3)/Au(30)
is fabricated via electron beam lithography and electron
beam evaporation on a piezoelectric LiNbO3 substrate.

FIG. 2. Experimental setup for measuring the phase shift
∆θ of the RSAW because of the EdH effect. A pair of IDTs
and Ni79Fe21 film is deposited on the LiNbO3 substrate. The
external field µ0Hex is applied along the RSAW propagation
direction.

The numbers in parentheses indicate the layer thickness
in nanometers. The nominal values for width and spac-
ing distance of the finger electrode of IDT are varied from
500 to 750 nm which leads to a change in the RSAW fre-
quency from 1.9 to 1.3 GHz. The wavelength of RSAW
originally excited by the IDT is 4 times as long as the
finger width. Further, the edge distance between a pair
of IDTs is 461 µm. The Ni79Fe21(20) film with a lat-
eral size of 400 × 400 µm2 is sputtered between a pair
of IDTs. When an alternating current (AC) voltage is
applied to one of the IDTs, a periodical stress is pro-
duced in the LiNbO3 substrate below the IDT via the
inverse piezoelectric effect followed by the propagation of
RSAW. The propagated RSAW is detected by the other
IDT based on the direct piezoelectric effect. In the exper-
iment, the amplitude and phase modulation of the RSAW
are examined based on the measurement of S21. If the
RSAW velocity is modulated via EdH effect in FM, the
phase shift of the propagated RSAW appears as schemat-
ically shown in Fig. 2, where the FM has spread between
x = 0 and L. In addition, an external field µ0Hex is
applied along the RSAW propagation direction, ensuring
excitation of the magnetostatic backward volume wave
(MSBVW). The amplitude of µ0Hex is swept from -10 to
10 mT. We perform the time gating signal processing for
the measured S21 to exclude the signal that can be at-
tributed to the leakage of electromagnetic field from the
IDT [15, 16, 21, 30]. The phase shift of RSAW has been
evaluated at x = L based on the values of S21 in case of
different external fields as follows:

∆θ(H) = arg

(
S21(fRSAW, H)

S21(fRSAW, Href)

)
, (1)

where fRSAW is the frequency at which RSAW is excited
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and Href is the reference field of 10 mT. The reduced
attenuation of the coupled RSAW amplitude ∆P norm can
be evaluated from S21 in a manner similar to that in the
previous study [15, 30].

Figure 3(a) presents the color plot of ∆P norm as func-
tions of frequency and external field for a device in which
the width and spacing distance of the IDT finger elec-
trode is 550 nm. The red dotted line shows the dispersion
relation of the MSBVW, which can be given as [34, 35]

f =
γ

2π

√
|µ0H|

(
|µ0H|+ µ0Ms

1− e−kd
kd

)
, (2)

where γ, k, d and Ms are the gyromagnetic ratio,
wavenumber of the spin waves, thickness of the Ni79Fe21
film, and saturation magnetization, respectively. We use
the following parameters for calculation: γ = 1.86× 1011

s−1T−1, k = 2.88×106 m−1, d = 20 nm, and µ0Ms = 0.9
T. Figure 3(b) shows the frequency variation with respect
to the RSAW amplitude at 10 mT. Two peak intensities
can be observed at frequencies in the range from 1.7 to
1.8 GHz, one of which corresponds to the excitation of
RSAW which can couple with the MSBVW mode[36].
We observe the wave packet of RSAW from the time-
domain S21 data and conclude that the sound velocity
of the RSAW propagating through the Ni79Fe21 film is
3523 m/s. Based on the resonant frequency and sound
velocity measured at 10 mT [36], the wavelength of the
RSAW propagating through the Ni79Fe21 film is evalu-
ated to be 2.0 µm; this is 8.5% shorter than wavelength
measured for the sample without the Ni79Fe21 film whose
value is consistent with the structural period of IDT.
The reduced wavelength can be attributable to the dif-
ference in Poisson’s ratio E and elastic modulus ν be-
tween the LiNbO3 substrate and Ni79Fe21 film [37]. As
shown in Fig. 3(a), the strongest microwave absorption
can be observed when applying the resonant field at 1.75
GHz in the MSBVW mode. From a quantum-mechanical
viewpoint, this is attributed to an avoided level crossing
caused by a hybridization of the RSAW and MSBVW.
The hybridized mode excited via magnetoelastic and gy-
romagnetic couplings can be distinguished based on the
dependence of ∆P norm on the frequency and the angle
of an external field [30]. From these experimental data,
the magnetoelastically coupled RSAW could be ignored
in case of the Ni79Fe21 film [36]. Figures 3(c) and 3(d)
show the external field dependences of ∆P norm and ∆θ
at 1.75 GHz, respectively. Interestingly, in Fig. 3(d), a
bipolar change in ∆θ can be clearly observed in the vicin-
ity of the avoided level crossing. Similar bipolar change
was both numerically and experimentally observed in the
magnetoelastically coupled RSAW [19, 38].

To discuss the origin of the bipolar change in ∆θ, we
analytically solve the equation of motion for the Ni79Fe21
lattice by considering the EdH torque, which can be given
as τEdH = −γ−1∂tM . It is noted that the magneto-

rotation coupling [11], which is also attributable to the
interaction between acoustic and magnetic waves, can
be neglected in the NiFe film because a perpendicular
anisotropy is negligible in the NiFe film [36]. Moreover,
if the magneto-rotation coupling coexists with the gyro-
magnetic coupling, a helical effective field, which leads
to a nonreciprocal SWR excitation, is produced [36] al-
though the SWR amplitude shows little change with
switching the external field direction (Fig. 3(c)). The
EdH torque contributes to the off-diagonal elements of
an antisymmetric stress tensor [14]. It is convenient to
discuss the longitudinal and transverse strain waves sep-
arately for quantitatively analyzing the EdH torque in
RSAW because the conversion of angular momentum via
EdH effect occurs between the magnetization and trans-
verse strain waves. Finally, the velocity of the transverse
strain wave modulated by the EdH effect can be evalu-
ated. The RSAW velocity cR can be given as cR = ξct,
where ξ is the velocity coefficient obtained by applying
the stress condition on a free surface [36]. The RSAW
velocity shift from cR to c′R because of the EdH effect
can be evaluated from the change in the wavenumber of
coupled RSAW, which is given as [36]

∆k =
ω

cR
− ω

c′R
≈ ω3χyy

4ργ2µ0ξc3t
+
ω∆ξct
c2R

. (3)

Here, ρ and χyy are the density of FM and (y, y) compo-
nent of the Polder susceptibility tensor, respectively. ∆ξ
represents the modulation of ξ owing to the EdH effect.
When the surface displacement u of FM is described as
u = u0e

i(kx−ωt),∆θ can be given as L∆k, where L is
the propagating distance of the RSAW in FM. u0 has
a constant value independent of both t and x. Figure
4 shows the calculated external field dependence of ∆θ.
Here, we use the following parameters for calculation:
ω = 2π × 1.75 GHz, ρ = 8.70 × 103 kg/m3, ct = 3046
m/s, and L = 400 µm [36, 39]. From Eq. (3), the
magnetic field dependence of ∆θ is expected to show an-
tisymmetric Lorentzian variation according to the field
variations in χyy and ∆ξ [36]. However, in a practical
device comprising FM with a finite lateral dimension,
the temporal derivative of magnetization includes the
off-diagonal component of the Polder susceptibility χyz.
The field dependence of ∆θ in Fig. 3(d) is well fitted
by a combined function of symmetric and antisymmetric
Lorentzian. The maximal phase shift ∆θmax of −0.035
rad was observed at µ0Hex = 5.0 mT, the order of mag-
nitude of which is similar to the numerical result shown
in Fig. 4, where a loss-less conversion of angular momen-
tum is assumed between the spin and lattice systems.
Thus, the consistency in ∆θ suggests that the conversion
efficiency of angular momentum with respect to the EdH
effect is very high, as seen in Ref. [14]. Such an efficient
conversion can be attributed to the fact that the EdH ef-
fect is a consequence of fundamental angular momentum
conservation between electron spin and lattice rotation.
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FIG. 3. (a) Color plot of ∆P norm as functions of frequency and external magnetic field. The red dotted line shows the MSBVW
dispersion relation expected for the Ni79Fe21(20) film. The inset shows the enlarged ∆P norm at frequencies of 1.70-1.80 GHz.
(b) Transmitted microwave power as a function of frequency in the reference field µ0Href . (c) and (d) show ∆P norm and ∆θ
as a function of external field at the fundamental frequency of RSAW, i.e., 1.75 GHz. The red line shows the result of best fit
with combined functions of symmetric and antisymmetric Lorentzian. (e) RSAW frequency dependence of ∆θAL. The dotted
line is the best-fit linear function to the data sets.

From the value of ∆θmax, the maximal ∆k and ∆cR/cR
are estimated to be 87 rad/m and 2.8×10−5, respectively,
where ∆cR = c′R − cR. The value of ∆cR/cR in case of
the EdH effect is comparable to that obtained in a pre-
viously conducted study that investigated the change in
RSAW velocity in a Ni film owing to the magnetoelastic
effect [20].

Figure 3(e) shows the double-logarithmic plot of
∆θAL, which is the peak-to-peak amplitude of the anti-
Lorentzian component of ∆θ in Fig. 3(d) as a function of
ω/ω0, where ω0 is 2π×1.30 GHz. The dotted line in Fig.
3(e) indicates best fit with a linear function, the slope of
which is 1.88±0.32. From Eq. (3), the amplitude of ∆k,
i.e., ∆θ, is expected to be proportional to the square of
ω because χyy is inversely proportional to ω and ∆ξ is
approximately proportional to ω [36]. The consistency
in the frequency variation of ∆θ suggests that the EdH
phase shifts in the RSAW described by Eq. (3) occur
because the phase shift owing to magentoelastic torque
is proportional to ω [9, 33]. The higher-order variation
of phase shift in case of EdH torque with respect to fre-
quency indicates that the EdH torque would be domi-
nated in terahertz regime as seem in Ref. [14] because
we have observed the comparative phase shift in giga-
hertz regime.

FIG. 4. External field dependence of the phase shift owing to
the EdH effect estimated using Eq. (3).

In summary, we presented the phase shift of the RSAW
based on the EdH effect in the Ni79Fe21 thin film. We
considered an analytical model involving the magneti-
zation dynamics induced by lattice rotation and elastic
motion containing the stress that can be attributed to the
EdH effect to discuss the origin of the phase shift quanti-
tatively. By comparing the experimental and numerical
results, we observed that the magnitude and frequency
variations of phase shift can be quantitatively explained
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based on the assumption that the conversion of angular
momentum between electron spin and lattice systems is
ideally adiabatic. In the gigahertz regime, we observed
that the maximum ratio of velocity change was compa-
rable to that observed in the case in which the mag-
netoelastic effect was considered. Moreover, compared
with the case in which magnetoelastic torque was con-
sidered, the order of variation in phase shift with respect
to frequency increased in the case in which EdH torque
was considered. From an application viewpoint, the EdH
torque is more feasible for high speed spin-based RSAW
devices.
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