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Electric-field control of spin dynamics in ferromagnetic films and heterostructures is crucial for the devel-
opment of advanced spintronic devices with ultralow power consumption. Such control can be achieved via
the magnetoelastic coupling between spins and strains created in a ferromagnet by the attached piezoelectric
transducer. The efficiency of strain-mediated excitation and manipulation of spin phenomena is expected to
increase drastically in materials with high magnetoelastic coefficients, such as cobalt ferrite. Here we report
the state-of-the-art micromagnetic simulations of the spin dynamics arising in CoFe2O4 films and CoFe2O4/Pt
bilayers traversed by longitudinal elastic waves. To fully allow for the magnetoelastic coupling, we numerically
solve a system of differential equations involving the Landau-Lifshitz-Gilbert equation for the magnetization
and the elastodynamic equation for the mechanical displacement. The simulations show that, despite high
Gilbert damping characteristic of cobalt ferrite, the injected elastic waves with frequencies around the resonance
frequency of coherent magnetization precession in unstrained CoFe2O4 film efficiently generate spin waves in
this ferrimagnetic insulator. Furthermore, the generated spin wave, which has the wavelength of the driving
acoustic wave, creates two secondary elastic waves due to the magnetoelastic feedback. In addition, it modifies
the driving elastic wave, leading to the sound attenuation of magnetic origin with decay length about 70 μm.
In CoFe2O4/Pt bilayers, the magnetization precession at the interface gives rise to a spin current flowing in the
Pt layer, which creates additional damping of the precession and generates a charge current via the inverse spin
Hall effect. Remarkably, a circular charge flow is predicted for thick Pt layers, which leads to inhomogeneous
potential distributions along their surfaces. The magnitude of the voltage between lateral sides of the Pt layer
may exceed 1 nV, which can be measured experimentally.

DOI: 10.1103/PhysRevB.100.224405

I. INTRODUCTION

Investigations of electrically driven magnetization dynam-
ics and spin transport in ferromagnetic heterostructures are
currently at the forefront of solid-state physics because the
electrical control of magnetism is of both fundamental interest
and great practical importance. One of the main goals in
this cutting-edge research area is the development of excita-
tion techniques that remain efficient even at ultralow power
consumption of the whole spintronic device. A promising
approach to achieve this goal is based on the magnetoelastic
coupling between spins and strains [1,2], which provides
the opportunity to excite and control the spin dynamics
with the aid of elastic strains. Combined with the ability
of piezoelectrics to deform under electric fields, this feature
renders possible the strain-mediated electric-field control of
the magnetization dynamics and spin transport in hybrid sys-
tems comprising ferromagnetic and piezoelectric materials.
Of course, efficient strain transfer between the constituents
is necessary in such systems, which requires the fabrication
of ferromagnetic-piezoelectric hybrids with strong interfacial
mechanical coupling.

During the past decade, various types of elastic excitations
have been employed in experimental studies to induce the spin
dynamics in ferromagnetic heterostructures [3–18]. These
excitations include bulk longitudinal sound waves injected

into a ferromagnetic film by a piezoelectric actuator [7],
surface acoustic waves generated by an interdigital trans-
ducer in a piezoelectric substrate partly covered by a ferro-
magnetic material [5,6,10,16], and laser-induced picosecond
acoustic pulses and elastic waves [3,4,11,18]. Theoretical
investigations of elastically driven magnetic dynamics involve
approximate analytical treatments, which employ linear ap-
proximation valid for small perturbations of the ground state
[13,19–23], and micromagnetic simulations, making it pos-
sible to describe nonlinear effects [24–31]. In particular, an-
alytical solutions have been obtained for small-angle mag-
netization precession driven by plane longitudinal and trans-
verse elastic waves [21,22]. Micromagnetic simulations have
been performed for ferromagnetic heterostructures excited by
standing elastic waves [27] and traveling longitudinal and
shear waves [28,31]. Finite-element modeling of spin waves
generated by surface acoustic waves was reported as well [32].

The efficiency of strain-driven excitation of mag-
netic dynamics depends on the strength of magnetoelas-
tic coupling, which for cubic ferromagnets can be de-
scribed by two constants, B1 and B2, introduced by Kit-
tel [2] and entering the expression for the magnetoelas-
tic free energy density Fmel = B1[m2

xεxx + m2
yεyy + m2

z εzz] +
B2[mxmyεxy + mymzεyz + mxmzεxz], where mi and εi j (i, j =
x, y, z) are the magnetization direction cosines and elastic
strains, respectively. Materials with very different magnitudes
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of magnetoelastic coupling constants B1, B2 have been studied
in previous works, including yttrium iron garnet (B1 ≈ 3 ×
106 erg cm−3, B2 ≈ 6 × 106 erg cm−3) [8,22], dilute mag-
netic semiconductors (B1,2 < 108 erg cm−3) [3,4,13], nickel
(B1,2 ≈ 108 erg cm−3) [6,11,12,16,21,28,32], iron (B1 ≈
−3 × 107 erg cm−3, B2 ≈ 108 erg cm−3) [14], Fe81Ga19

alloy (B1,2 ≈ −108 erg cm−3) [27,31], and CoFe alloys (B1 ≈
−3 × 108 erg cm−3, B2 ≈ −3 × 107 erg cm−3 for Co40Fe60)
[9,29,30]. Remarkably, even higher magnetoelastic constants
B1 = 5.9 × 108 erg cm−3 and B2 = −3.6 × 108 erg cm−3 are
inherent to a ferrimagnetic insulator cobalt ferrite [33]. This
property makes CoFe2O4 (CFO) attractive for applications in
future spintronic devices exploiting strains for the excitation
of spin waves and generation of spin currents. However, cobalt
ferrite is also distinguished by a high Gilbert damping coeffi-
cient α ∼ 1 [34], which raises doubts about the suitability of
this ferrimagnet for such applications.

Motivated by the above considerations, we carried out
micromagnetic simulations of the spin dynamics induced in
CFO films and CFO/Pt bilayers by longitudinal elastic waves.
Our magnetoelastic simulations are based on the numerical
solution of a system of coupled differential equations com-
prising the Landau-Lifshitz-Gilbert (LLG) equation and the
elastodynamic equation appended by magnetoelastic terms.
Such a rigorous approach, implemented with the aid of home-
made software, enables us to describe the coupled elastic and
magnetic dynamics in ferromagnetic heterostructures [31].
In this paper, we first recall the theoretical framework of
dynamical magnetoelastic phenomena and present details of
our numerical calculations. Then we report results of the
micromagnetic simulations performed for thick CFO films
traversed by longitudinal elastic waves, which predict efficient
strain-driven generation of spin waves [35] and the excitation
of two additional elastic waves caused by inhomogeneous
magnetization precession. Finally, spin phenomena induced
by longitudinal elastic waves in CFO/Pt bilayers are de-
scribed. In particular, we quantify the elastically driven mag-
netization precession at the CFO|Pt interface, which enables
us to calculate the spin current pumped into the paramagnetic
metal and the charge current flowing in Pt layer due to the
inverse spin Hall effect.

II. SIMULATIONS OF COUPLED MAGNETIC AND
ELASTIC DYNAMICS

Micromagnetic simulations make it possible to predict the
temporal and spatial evolution of the magnetization vector
field M(r, t ) driven by an external stimulus. Conventional
simulations are restricted to the numerical solution of the
LLG-type torque equation for the local magnetization M(t )
in each cell of an ensemble of computational cells (see
Ref. [36] and references therein). In the absence of spin-
transfer torques, the standard LLG equation can be employed,
which may be written as

dm
dt

= − γ

1 + α2
[m × Heff + αm × (m × Heff )] (1)

if the variations of the magnetization magnitude |M| = Ms

are negligible, as in the case of a ferromagnet kept at a
fixed temperature much lower than the Curie temperature.

Here m = M/Ms is the unit vector defining the magnetization
direction, γ is the electron’s gyromagnetic ratio, α is the
dimensionless Gilbert damping parameter, and Heff denotes
the effective magnetic field acting on the magnetization.
In the presence of strains, Heff includes a magnetoelastic
contribution Hmel, the account of which allows to develop
an approximate description of elastically driven magnetic
dynamics [26,27,29]. However, magnetization reorientations
modify the strain state of the ferromagnetic material, which
manifests itself in the phenomenon of magnetostriction on
a macroscopic scale [2]. Therefore, the dynamical equation
for the mechanical displacement uF(r, t ) in a ferromagnet
contains additional magnetoelastic terms depending on the
direction cosines of the magnetization. As a result, the rigor-
ous treatment of dynamical magnetoelastic problems requires
the solution of coupled LLG and elastodynamic equations
[19,20]. This approach was employed in a few advanced mi-
cromagnetic simulations of elastically driven magnetization
dynamics, which were performed recently [28,30,31].

In our simulations, the effective field Heff involved in
Eq. (1) is evaluated as a sum of all relevant contributions,
including those of the external magnetic field H, exchange
coupling, magnetocrystalline anisotropy, and magnetoelastic
coupling. Importantly, we accurately calculate the dipolar
field Hdip [27], taking into account the variations in the
dipolar interactions between differently oriented oscillating
spins, which are often ignored [19–22]. The magnetoelastic
contribution Hmel is determined for ferromagnets with a cubic
paramagnetic phase inherent to crystalline CFO. Introducing
the Cartesian reference frame (x, y, z) with coordinate axes
parallel to [100], [010], and [001] crystallographic directions
of the cubic phase, we calculate the components of Hmel from
the conventional bilinear relations

Hmel
x = − 1

Ms
[2B1εxxmx + B2(εxymy + εxzmz )],

Hmel
y = − 1

Ms
[2B1εyymy + B2(εyxmx + εyzmz )], (2)

Hmel
z = − 1

Ms
[2B1εzzmz + B2(εzxmx + εzymy)].

For the components of the effective field Hmca associated with
the magnetocrystalline anisotropy, we use the relations

Hmca
x = − 2

Ms

[
K1

(
m2

y + m2
z

) + K2m2
ym2

z

]
mx,

Hmca
y = − 2

Ms

[
K1

(
m2

x + m2
z

) + K2m2
xm2

z

]
my, (3)

Hmca
z = − 2

Ms

[ − Ku + K1
(
m2

x + m2
y

) + K2m2
xm2

y

]
mz,

where K1 and K2 are the coefficients of fourth- and sixth-order
terms in the expansion of the energy density associated with
the bulk cubic anisotropy [2], and Ku defines the uniaxial
magnetic anisotropy that may be present in a ferromagnetic
film, which is assumed to have the (001) crystallographic
orientation with surfaces orthogonal to the z axis of our
reference frame (Fig. 1). Finally, the exchange field Hex

is computed numerically using the established approach for
ferromagnets as described in our previous paper [27]. Strictly
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FIG. 1. Ferromagnet/normal metal heterostructure attached to a
piezoelectric transducer. Longitudinal elastic wave εzz(z, t ) is gener-
ated by the transducer and propagates across the CFO film and Pt
overlayer. es is the direction of the spin current Js pumped into the
normal metal, while Jc is the density of the charge current created by
Js owing to the inverse spin Hall effect.

speaking, CFO is a ferrimagnet; however, as was shown in
Ref. [37], magnetic moments of the individual atoms exhibit
a collinear spin structure, allowing one to treat CFO as a
ferromagnet for long-wave perturbations with wavelengths
much greater than the unit cell size, such as elastic waves with
GHz frequencies considered in our simulations. Therefore, the
exchange stiffness constant Aex can be used to quantitatively
describe the exchange interaction in CFO [38].

For a ferromagnet with a cubic paramagnetic phase, the
elastodynamic equations of motion take the form

ρF
∂2uF

x

∂t2
= cF

11
∂2uF

x

∂x2
+ cF

44

[
∂2uF

x

∂y2
+ ∂2uF

x

∂z2

]
+ (

cF
12 + cF

44

)

×
[

∂2uF
y

∂x∂y
+ ∂2uF

z

∂x∂z

]
+ B1

∂
(
m2

x

)
∂x

+ B2

[
∂ (mxmy)

∂y
+ ∂ (mxmz )

∂z

]
,

ρF
∂2uF

y

∂t2
= cF

11

∂2uF
y

∂y2
+ cF

44

[
∂2uF

y

∂x2
+ ∂2uF

y

∂z2

]
+ (

cF
12 + cF

44

)

×
[

∂2uF
x

∂y∂x
+ ∂2uF

z

∂y∂z

]
+ B1

∂
(
m2

y

)
∂y

+ B2

[
∂ (mymx )

∂x
+ ∂ (mymz )

∂z

]
,

ρF
∂2uF

z

∂t2
= cF

11

∂2uF
z

∂z2
+ cF

44

[
∂2uF

z

∂x2
+ ∂2uF

z

∂y2

]
+ (

cF
12 + cF

44

)

×
[

∂2uF
x

∂z∂x
+ ∂2uF

y

∂z∂y

]
+ B1

∂
(
m2

z

)
∂z

+ B2

[
∂ (mzmx )

∂x
+ ∂ (mzmy)

∂y

]
, (4)

where ρF is the volumetric mass density and cF
11, cF

12, cF
44 are

the elastic stiffnesses of ferromagnetic material at constant
magnetization in the Voigt notation. The system of coupled
differential equations (1) and (4) is solved numerically with
the aid of homemade software. It operates with a finite ensem-
ble of computational cells characterized by their spatial posi-
tions r and time-dependent vectors m(t ) and uF(t ). To model
the excitation of a longitudinal elastic wave in a ferromagnetic
film, we impose the boundary conditions uF

x = uF
y = 0 and

uF
z = umax sin (2πνt ) at the bottom film surface, which mimic

the action of an attached platelike piezoelectric transducer
subjected to an ac voltage (see Fig. 1). The free magnetic
boundary condition ∂M/∂z = 0 is used for the magnetization
at both film surfaces. Since the aim of this work is to describe
the effect of plane elastic waves on CFO and Pt layers with
in-plane dimensions greatly exceeding their thicknesses, both
M(r) and uF(r) are considered independent of the coordinates
x and y and allowed to vary along the z axis only. Despite
this simplification, the calculations of dipolar and exchange
interactions between the spins require the introduction of a
three-dimensional ensemble of computation cells.

When modeling ferromagnet/normal metal bilayers, the
displacement uN(r, t ) in a cubic normal metal with the density
ρN and elastic stiffnesses cN

11, cN
12, and cN

44 is determined by
solving numerically the standard elastodynamic equation. The
free boundary condition σ N

zx = σ N
zy = σ N

zz = 0 is used for the
upper surface of normal metal layer (σ N

i j being the stress
tensor), while proper mechanical behavior at the interface
is ensured by using a unified ensemble of computational
cells covering the whole bilayer. The slowing down of the
magnetization precession near the interface, which is caused
by the precession-induced spin pumping into adjacent normal
metal [39], is taken into account via appropriate increase in the
Gilbert damping parameter for computational cells adjacent to
the interface.

The numerical integration of the stiff LLG equation was
carried out with the aid of the projective Runge-Kutta al-
gorithm, which employs the condition |m| = 1. A finite-
difference technique with midpoint derivative approxima-
tion was applied to solve the elastodynamic equations of
motion for ferromagnetic film and normal metal layer. In
contrast to other simulations [28], both partial differential
equations were solved in their strong forms. A fixed inte-
gration step δt = 10−13 s and computational cells with the
dimensions 2 × 2 × 2 nm3 smaller than the exchange length
lex = √

Aex/(2πM2
s ) ≈ 6 nm of crystalline CFO were used in

the simulations. In this formula, saturation magnetization Ms

was taken to be 425 emu cm−3 [40], and we used the value
of the exchange constant Aex = 4 × 10−7 erg cm−1, which
was extracted from the fit of the magnon dispersion curve in
CFO [41].

The simulations were performed for single-crystalline and
amorphous CFO films and CFO/Pt bilayers. The crystalline
CFO films were assumed to have the cubic magnetocrystalline
anisotropy only (Ku = 0, K1 = 0.9 × 106 erg cm−3, K2 = 0
[40]), whereas the uniaxial anisotropy Ku = 7.28 × 104 erg
cm−3 revealed experimentally was attributed to amorphous
films (K1 = K2 = 0) having Ms = 96 emu cm−3 [42]. The up-
per bound α = 1 of the Gilbert parameter, which is expected
from the experimental data [34], was used for both films. The
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elastic stiffnesses and mass densities of crystalline CFO and Pt
were taken to be cF

11 = 2.57 × 1012 dyne cm−2, cF
12 = 1.5 ×

1012 dyne cm−2, cF
44 = 0.85 × 1012 dyne cm−2 [43], ρF =

5.294 g cm−3 [37], and cN
11 = 3.467 × 1012 dyne cm−2, cN

12 =
2.507 × 1012 dyne cm−2, cN

44 = 0.765 × 1012 dyne cm−2,
and ρN = 21.5 g cm−3 [44]. The elastic constants of
isotropic amorphous CFO were calculated by taking a Voigt-
Reuss-Hill average [45] of single-crystal ones and found
to be cF

11 = 2.80 × 1012 dyne cm−2, cF
12 = 1.39 × 1012 dyne

cm−2, and cF
44 = 0.71 × 1012 dyne cm−2. Then we evaluated

the isotropic saturation magnetostriction using the formula
λs = (2/5)λ100 + (3/5)λ111 [2,46], which enabled us to de-
termine the magnetoelastic constants B1 = B2 = −3λscF

44 =
1.32 × 108 erg cm−3 of the amorphous CFO with the shear
modulus cF

44.
Since our study is focused on spin phenomena in dy-

namically strained CFO films, and magnetization couples to
strain rather than displacement, variations of the film magnetic
response with the excitation frequency ν were determined
at a constant magnitude of the maximal strain εmax

zz at the
interface. To that end, we specified the amplitude umax of the
surface displacement uF

z by the relation umax = εmax
zz /kL valid

for sinusoidal waves, where kL = 2πν/cL and cL =
√

cF
11/ρF

are the wave number and velocity of longitudinal elastic
waves, respectively. In reality, the dependence of umax on the
frequency of ac voltage applied to the attached transducer
is dominated by piezoelectric resonances and antiresonances.
Since the resonance frequency depends on the transducer’s
thickness and material parameters [47], it can be tuned in a
wide range. Hence, the displacement amplitude umax at a given
frequency ν can be adjusted to a desirable value even without
applying high ac voltages to the piezoelectric transducer.
Regarding the feasibility of displacements assumed in our
simulations, the largest value of umax is of the order of 10−2

nm for crystalline films and about 0.5 nm for amorphous
ones, which is easily achievable using available piezoelectric
materials [48]. Furthermore, elastic waves with frequencies
much higher than the transducer’s fundamental resonance
frequency can be excited in the attached ferromagnet by short
voltage pulses [49]. It should be noted that sub-picosecond
laser pulses make it possible to generate packets of elastic
waves with frequencies exceeding 100 GHz [50–52].

III. GENERATION OF SPIN WAVES IN THICK CFO FILMS

A. Crystalline CFO films

To study the propagation of magnetoelastic perturbations
in CFO, we performed a series of simulations of films with
thicknesses much greater than the wavelength λL = cL/ν of
the driving longitudinal elastic wave. Since such a wave
can create only the component Hmel

z = −2B1εzzmz/Ms of the
effective magnetoelastic field Hmel, an external magnetic field
H was introduced along the z axis, inducing the magneti-
zation component mz necessary to obtain nonzero Hmel

z . At
the assumed field strength Hz = 1600 Oe, the equilibrium
magnetization direction has an elevation angle ψ ≈ 9.9◦ in
the unstrained CFO film with infinite in-plane dimensions (see
Fig. 1). Since the most efficient excitation of magnetization
dynamics is expected near the resonance frequency νr of

the coherent magnetization precession in the unstrained film
[27], we first determined this frequency using two different
approaches. First, an analytical formula for the ferromagnetic
resonance (FMR) frequency [53] was used to calculate νr

under the assumption of negligible damping, yielding νr (α =
0) = 16 GHz. Second, to accurately determine νr of the CFO
film characterized by the damping parameter α = 1, we ran
a series of simulations of the film’s magnetization response
to a uniform ac magnetic field δHz ∼ sin 2πνt . The largest
precession amplitude was registered at ν = νr = 11 GHz,
which is about 1.5 times smaller than the resonance frequency
νr (α = 0). The difference is substantial, showing that high
Gilbert damping α ∼ 1 can reduce the resonance frequency
considerably. This feature can be expected from the LLG
equation (1), where the damping parameter appears on the
right-hand side both in the prefactor γ /(1 + α2) and in the
second term inside the square brackets.

After determining the resonance frequency, we focused on
micromagnetic simulations of CFO films subjected to a peri-
odic surface displacement uF

z (z = 0, t ) = umax sin 2πνt with
the frequency ν spanning a wide range around νr = 11 GHz
and amplitudes umax(ν) providing the maximal strain εmax

zz =
5 × 10−6 at the surface. The simulations showed that such dis-
placement uF

z (z = 0, t ) generates a longitudinal elastic wave
εzz(z, t ) propagating inside the film [see Fig. 2(a)]. Owing to
the magnetoelastic effective field Hmel

z created by the strain
wave, the magnetization of CFO starts to precess around its
initial equilibrium direction. The magnetization precession,
in turn, modifies the strain state of CFO by virtue of the
magnetoelastic terms involved in Eq. (4). In the considered
films with infinite dimensions in the xy plane, only compo-
nents εxz, εyz, and εzz of the strain tensor can be affected by
such magnetoelastic feedback. Concerning shear strains, the
magnetization dynamics leads to the generation of transverse
waves εxz(z, t ) and εyz(z, t ) shown in Fig. 2(b), where the
displacements uF

x and uF
y are orthogonal to the wave vector

kT oriented along the z axis. Such secondary elastic waves
were not revealed in previous micromagnetic simulations of
longitudinal elastic wave propagation along a Ni bar [28], but
their appearance was predicted for Fe81Ga19 films traversed
by shear waves [31]. The amplitudes of secondary waves
εxz(z, t ) and εyz(z, t ) are about 1000 and 200 times smaller
than that of the driving longitudinal wave, and their profiles
show a peculiar behavior, being different in two regions of the
film indicated in Fig. 2(b). The Fourier analysis shows that, in
the subsurface region z < z∗, each of the waves εxz(z, t ) and
εyz(z, t ) is actually a superposition of two waves having dif-
ferent wavelengths. The wave with a larger amplitude (wave
I) has the wavelength λT = cT /ν of a shear wave traveling
in CFO with the velocity cT =

√
cF

44/ρF , while the wave II
with a smaller amplitude has the wavelength λL = cL/ν of
the driving longitudinal wave. In contrast, at distances z > z∗
from the surface only the wave II having the wavelength λL

propagates in the film. The simulations show that the size z∗
of the subsurface region increases with time as z∗ = cT t . This
result proves that the wave I is excited by the magnetization
precession occurring at the surface z = 0. This “free” shear
wave then travels inward CFO with its inherent velocity cT .
Since cT is smaller than cL (≈ 4 km/s versus ≈ 7 km/s in
crystalline CFO), the front of the wave I lags from that of the
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FIG. 2. Elastic waves emerging in the crystalline CFO film at
the excitation frequency ν = 11 GHz. (a) Primary longitudinal wave
generated by the piezoelectric transducer at the time t = 0.69 ns.
(b) Secondary transverse waves excited by the backaction of the
magnetization precession on strain state of the film (t = 0.69 ns).
The film thickness equals 4848 nm, and the coordinate z is given in
units of computational cell size amounting to 2 nm.

wave II, which leads to the formation of two regions shown in
Fig. 2(b). Since wave II has the wavelength λL and advances
with the velocity cL, this wave is a forced shear wave excited
by the inhomogeneous magnetization precession in the whole
longitudinal driving wave.

The backaction of magnetization dynamics on strain
εzz(z, t ) associated with the driving elastic wave leads to
a continuous decrease of the wave amplitude εmax

zz (z) with
increasing distance z from the film surface. This decay of the
driving wave, which is noticeable in Fig. 2(a), stems from
the energy transfer to the magnetic subsystem induced by
strong magnetoelastic coupling and from high Gilbert damp-
ing hindering the magnetization precession. Dependences
εmax

zz (z) extracted from the results of simulations performed
at different excitation frequencies ν have been successfully
fitted by the exponential function εmax

zz (z) ∼ exp (−z/Ldec)
[see Fig. 3(a)]. The decay length Ldec continuously decreases
with increasing excitation frequency, dropping from about 750
to 50 μm in the frequency range presented in Fig. 3(b). It
should be emphasized that the revealed fading of the longi-
tudinal strain wave has a solely magnetic origin, as no elastic
damping is involved in Eq. (4). Our finding may be useful for

FIG. 3. Decay of the driving elastic wave in the crystalline
CFO film caused by the strain-induced magnetization precession.
(a) Decrease of the wave amplitude εmax

zz (z) with increasing distance
z from the film surface calculated at three different excitation fre-
quencies. Dots show simulation results, while solid lines represent
their fitting by the exponential function εmax

zz (z) ∼ exp (−z/Ldec).
(b) Dependence of the decay length Ldec on excitation frequency.

understanding the nature of sound attenuation in CFO and
other materials with strong magnetoelastic coupling and high
magnetic damping.

Our micromagnetic simulations also showed that the mag-
netization dynamics generated by the longitudinal elastic
wave has the form of a spin wave evolving in the CFO
film. Figure 4(a) demonstrates that the spin wave has the
same wavelength, velocity, and almost sinusoidal shape as the
driving strain wave. Hence, the latter serves as a carrier of
the spin wave, which otherwise would decay rapidly in CFO
due to high magnetic damping inherent in this ferromagnetic
insulator. Importantly, the spin-wave decay length Ldec(ν)
follows the curve shown in Fig. 3(b), amounting to 73 μm
at ν = 11 GHz (instead of Ldec ≈ 11 nm in the case of spin
wave propagating in CFO on its own). Of course, the tightly
coupled pair of elastic and spin waves could be regarded as
a single magnetoelastic wave as well. However, it should be
emphasized that both waves obey a purely elastic dispersion
relation kL = 2πν/cL without any detectable deviations at all
studied frequencies. This absence of hybridization of elastic
and spin waves, which may be due to high Gilbert damping
in CFO, motivated us to avoid using the term “magnetoelastic
wave” throughout the paper.
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FIG. 4. Spin wave generated by the longitudinal elastic wave
propagating in the crystalline CFO film. (a) Spatial distributions of
the changes �mi (t = 0.69 ns) in the direction cosines of oscillating
magnetization at the excitation frequency ν = 11 GHz (solid lines)
in comparison with those of the strain εzz in the driving elastic wave
(blue dashed line). (b) Frequency dependence of the maximal solid
angle of magnetization precession in the spin wave at the distance
z = 2λL from the film surface in comparison with that calculated
for the uniform FMR mode at the ac magnetic field δHz with an
amplitude of 14 Oe.

To evaluate the efficiency of spin wave generation at differ-
ent excitation frequencies, we determined the maximal solid
angle � of the magnetization precession at a representative
distance z = 2λL from the film surface. Figure 4(b) compares
the obtained dependence �(ν) with that of a coherent mag-
netization precession induced by a uniform ac magnetic field
in the unstrained CFO film. Remarkably, the spin-wave am-
plitude becomes maximal exactly at the resonance frequency
νr = 11 GHz of the coherent precession corresponding to a
uniform FMR mode. At this frequency, the angle � amounts
to 1.3 × 10−7 sr at the low input strain εmax

zz = 5 × 10−6

employed in our simulations, which indicates significant ef-
ficiency of the acoustically driven generation of spin waves.
Therefore, crystalline CFO can be regarded as a suitable ma-
terial for acoustic spintronics despite its high Gilbert damping.

B. Amorphous CFO films

Similar micromagnetic simulations have been performed
for thick amorphous CFO films. Owing to comparatively
strong uniaxial anisotropy overriding the shape anisotropy,

FIG. 5. Spin wave and elastic waves generated in the amorphous
CFO film. (a) Spatial distributions of the changes �mi (t = 8.3 ns) in
the magnetization direction cosines at the excitation frequency ν =
0.5 GHz (solid lines) plotted together with the strains εzz, εxz, and
εyz in the primary longitudinal wave and secondary transverse waves
(dashed lines). (b) Frequency dependence of the maximal solid angle
of magnetization precession in the spin wave at the distance z = 2λL

from the film surface in comparison with that calculated for the
uniform FMR mode at the ac magnetic field δHz with an amplitude
of 4.5 Oe.

the equilibrium magnetization direction in such films appears
to be orthogonal to film surfaces. At this orientation, the
magnetoelastic effective field Hmel created by the longitudinal
elastic wave does not impose any torque on the magnetization
M because Hmel

x = Hmel
y = 0. Therefore, a small magnetic

field of 100 Oe was introduced along the y axis, tilting M
away from the perpendicular-to-plane orientation by about
19◦. Since the saturation magnetization Ms = 96 emu cm−3

of the amorphous film is rather low [42], and the uniaxial
anisotropy parameter Ku = 7.28 × 104 erg cm−3 is much
smaller than the cubic anisotropy coefficient K1 = 9 × 105 erg
cm−3 of the crystalline CFO, the resonance frequency νr drops
strongly, amounting to 0.5 GHz at Hy = 100 Oe. At such
value of excitation frequency, the wavelength λL of the driving
longitudinal wave becomes very long (λL = 14.5 μm), which
forced us to increase the film thickness up to tF = 60 μm to
encompass several wavelengths λL in the simulations.

Figure 5 shows the results obtained at the same input strain
εmax

zz = 5 × 10−6 as was used in the simulations of crystalline
CFO films. We see that the magnetoelastic dynamics in the
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FIG. 6. Decay length of the driving elastic wave in the amor-
phous CFO film plotted as a function of the excitation frequency.
The decay length of the elastically generated spin wave follows the
same curve.

amorphous film is qualitatively similar to that in the crys-
talline one but significantly differs quantitatively. Like in the
case of crystalline CFO, the amplitude of elastically generated
spin wave reaches its maximum at the frequency νr , which
amounts to 0.5 GHz for the amorphous film [see Fig. 5(b)].
However, the maximal solid angle � of the magnetization
precession is three orders of magnitude larger than in the
crystalline film (≈ 10−4 sr versus ≈ 10−7 sr). Such drastic
increase in the precession amplitude results from the com-
bination of two factors. First, the magnetoelastic effective
field Hmel

z = −2B1εzzmz/Ms acting on the magnetization is
much higher in the amorphous film, because the direction
cosine mz is much larger here (0.947 versus 0.172), while
the ratio B1/Ms is practically the same for both amorphous
and crystalline CFO. Second, the contributions to the effective
field Heff that hinder the magnetization precession are smaller
in the case of amorphous film owing to much lower applied
magnetic field H (Hy = 100 Oe versus Hz = 1600 Oe) and
weaker magnetocrystalline anisotropy (Ku � K1).

Much larger amplitude of the magnetization precession in
the amorphous film leads to the generation of stronger sec-
ondary elastic waves, which are shown in Fig. 5(a). In contrast
to the crystalline CFO film, where such shear waves are two to
three orders of magnitude weaker than the driving longitudinal
wave, in the amorphous film the strains εmax

zy and εmax
zx gener-

ated at ν = 0.5 GHz are only about 14 and 21 times smaller
than εmax

zz , respectively. The magnetization precession also
induces noticeable attenuation of the longitudinal wave, which
is characterized by the frequency-dependent decay length
Ldec(ν) shown in Fig. 6. Remarkably, Ldec (ν = 0.5 GHz)
≈79 μm is comparable to the decay length Ldec (ν = 11 GHz)
≈73 μm of the longitudinal wave in the crystalline CFO film.
To explain this interesting result, we first recall that the rate
of energy dissipation in the magnetic subsystem is governed
by the term αm × dm/dt in the LLG equation. Accordingly,
this rate depends on the amplitude and frequency of the mag-
netization precession in the elastically generated spin wave.
Furthermore, the magnetization precession affects the strain
εzz in the longitudinal elastic wave via the term B1∂ (m2

z )/∂z
in Eq. (4), which shows that the magnetically induced

attenuation of the elastic wave also depends on its wavelength
λL and the initial magnitude of the magnetization direction
cosine mz. Since the out-of-plane precession amplitude δmz

and the initial direction cosine mz are much larger in the
amorphous CFO film, the decay length Ldec could be expected
to be much bigger in such film. However, when comparing the
attenuation under the resonance conditions, these differences
are compensated for by the 23 times smaller wavelength λL in
the crystalline CFO combined with the larger magnetoelastic
coupling constant B1 of this material (5.9 × 108 erg cc−1

versus 1.32 × 108 erg cc−1 in the amorphous one).
It is also interesting to evaluate the energy transfer from

the driving elastic wave to the magnetic subsystem. In the
steady-state regime, the amplitude of the strain-induced mag-
netization precession becomes constant so that the energy
loss caused by the Gilbert damping fully compensates the
energy transfer from the elastic wave. The dissipation rate
dF/dt in the magnetic subsystem can be evaluated using the
well-known relation dF/dt = dF/dm · dm/dt = −MsHeff ·
dm/dt . Using Eq. (1) to determine dm/dt , after some algebra
one obtains

dF

dt
= − αγ

1 + α2
Ms(m × Heff )

2. (5)

Since the dependences m(t ) and Heff(t ) are known from
the micromagnetic simulations, this relation enables us to
evaluate the dissipation rate dF/dt , which quantifies the
energy transferred from the elastic wave in the steady-state
regime. The calculation shows that, at a representative dis-
tance z = 2 μm from the surface, the energy-transfer rate
averaged over the period of magnetization precession amounts
to 5.64 × 109 erg cc−1 s−1 in the crystalline CFO film and to
4.65 × 109 erg cc−1 s−1 in the amorphous one. The similarity
of these values is consistent with similar decay lengths Ldec

found for the crystalline and amorphous CFO films. It should
also be noted that the decay lengths of the secondary elastic
waves in the region z > z∗ appear to be close to that of the
driving longitudinal wave in both crystalline and amorphous
films (at least at the resonance frequency νr). This interesting
result confirms our statement that the wave II is a forced shear
wave generated in the whole driving wave.

Summarizing the results obtained for the excitation of
spin waves in CFO by longitudinal elastic waves, we may
conclude that this technique appears to be efficient for both
crystalline and amorphous CFO films despite high Gilbert
damping inherent to this ferrimagnet. Using the solid angle
�r of magnetization precession at the resonance frequency
as a merit factor, we can compare CFO with traditional
materials considered for acoustically driven spin wave gen-
eration, namely, yttrium iron garnet (YIG) and Fe81Ga19 alloy
(galfenol). From Eqs. (2) and (3), it follows that the spin-wave
amplitude can be enhanced by using a magnetoelastic ma-
terial with a large ratio B1/Ms and small magnetocrystalline
anisotropy factors K1/Ms and Ku/Ms. In this respect, CFO is
advantageous because it has very large ratio B1/Ms ≈ 1.4 ×
106 Oe, greatly exceeding those of galfenol (−6.81 × 104 Oe)
and YIG (2.49 × 104 Oe). However, the anisotropy factors
of crystalline (K1/Ms ≈ 2120 Oe) and amorphous (Ku/Ms ≈
760 Oe) CFO films are larger than those of galfenol (K1/Ms ≈
130 Oe) [31] and YIG (K1/Ms ≈ 43 Oe) [22]. To clarify the
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situation, we performed additional magnetoelastic simulations
to determine �r for Fe81Ga19 and YIG films using available
parameters of these materials [22,54,55]. It was found that, at
the magnetic field Hz = 1600 Oe employed in the simulations
of the crystalline CFO film, �r is about 0.8 × 10−8 sr in
Fe81Ga19 and about 3.5 × 10−6 sr in YIG. Hence, crystalline
CFO (�r ≈ 1.3 × 10−7 sr) is predicted to be more efficient
than galfenol for the strain-driven excitation of spin waves,
but the small anisotropy factor K1/Ms and extremely low
Gilbert damping α = 8 × 10−5 [55] of YIG make it unrivaled
for the resonance excitation. However, the FMR linewidth
is very narrow in this material, which requires fine-tuning
and high stability of the excitation frequency for using this
advantage in device applications. In contrast, CFO has a very
broad linewidth, which renders it possible to efficiently gen-
erate the magnetization precession in a rather wide range of
excitation frequencies, providing robust devices for acoustic
spintronics, such as spin injectors into normal metals and
semiconductors.

IV. GENERATION OF SPIN AND CHARGE CURRENTS
IN CFO/Pt BILAYERS

Having established that longitudinal elastic waves can ef-
ficiently excite spin waves in both crystalline and amorphous
CFO thick films, we proceeded to theoretical studies of spin
phenomena in CFO/Pt bilayers. Our investigation involved
simulations of the elastically driven magnetization dynamics
in the CFO layer and calculations of spin and charge currents
generated in the Pt one by the magnetization precession at the
CFO|Pt interface. Simulations of the magnetoelastic phenom-
ena occurring in the bilayers were performed as described
in Sec. II for excitation frequencies of 11 and 0.5 GHz
providing maximal amplitudes of the spin waves generated
in the crystalline and amorphous CFO films, respectively. The
thicknesses of CFO layers were set equal to one wavelength of
the driving longitudinal wave, which yields tF = 634 nm for
the crystalline layer and tF = 14 540 nm for the amorphous
one, because preliminary runs showed that this choice max-
imizes the amplitude of the magnetization precession at the
CFO|Pt interface. Reflections of the primary and secondary
elastic waves at this interface were fully taken into account
and found to be rather small for both crystalline and amor-
phous films (transmittance of the driving wave is about 0.84
and 0.85, respectively). However, reflections of elastic waves
from the free surface of the Pt layer were disregarded in
the simulations of the CFO one, because the reflected waves
would complicate the magnetoelastic dynamics greatly. At
thickness tN = 4 μm assumed for the Pt layer, the time τL

needed for the longitudinal wave to cross the CFO/Pt bilayer
and return back to the CFO|Pt interface equals 2.1 ns for the
crystalline film and 4 ns for the amorphous one. To get rid of
reflected waves at longer simulation times t > τL, we assigned
an artificial elastic damping to the Pt layer, which provided a
rapid decay of elastic waves in it. This was achieved by adding
a term β∂uN

i /∂t with β ∼= 4.3 × 1011 g cm−3 s−1 to the elas-
todynamic equation of motion. Such approach was validated
by comparing the results of the simulations performed for
CFO/Pt bilayers comprising highly damped and undamped Pt
layers. It was found that at times t < τL there is no significant

difference in the magnetization and elastic dynamics predicted
for the CFO layer by two types of simulations.

As in the case of thick CFO films, the longitudinal elastic
wave propagating in the CFO layer initially creates a spin
wave with the same frequency and wavelength. The formed
magnetoelastic wave reflects from the CFO|Pt interface and
interferes with the incoming wave constantly generated by
the piezoelectric transducer. After several reflections, the
magnetoelastic dynamics in the CFO layer becomes rather
complex. Nevertheless, a steady-state magnetization preces-
sion with constant frequency and amplitude sets in at the
CFO|Pt interface after a transient regime lasting about 1 ns
for the crystalline layer and 15 ns for the amorphous one [see
Figs. 7(a) and 7(b)]. It should be noted that time dependences
of the direction cosines mi are almost sinusoidal in the crys-
talline layer at the chosen maximal strain εmax

zz = 5 × 10−4 in
the driving wave. In contrast, the dependences mi(t ) appear
to be clearly nonsinusoidal in the amorphous CFO layer
despite much smaller value of εmax

zz = 5 × 10−5 used in the
simulations in order to avoid strain-induced magnetization
switching. This feature is due to the much larger solid angle �

of the magnetization precession in the amorphous CFO layer
lacking strong magnetic anisotropy and being subjected to a
weak magnetic field.

Magnetization precession at the CFO|Pt interface should
lead to a spin pumping into the Pt layer, because such preces-
sion acts as a pump which transfers angular momentum from
the ferromagnet to electrons in the normal metal that reflect
from the interface [56]. The spin current density Js(z = tF, t )
at the interface can be calculated as

Js = h̄

4π
Re[gr

↑↓]m × dm
dt

, (6)

since the real part of the reflection spin mixing conductance
gr

↑↓ per unit contact area dominates over the imaginary one,
and the transmission spin mixing conductance gt

↑↓ is absent
in the case of insulator-metal contacts [57]. The product
m × dm/dt involved in Eq. (6) was evaluated using the de-
pendence m(z = tF, t ) provided by our micromagnetic simu-
lations, which allow for the backaction of spin pumping on the
magnetization dynamics by introducing the enhanced Gilbert
damping [39,58] in the CFO computational cells adjacent to
the interface. This enabled us to determine the spin current
density Js(z = tF, t ) normalized by the factor h̄/(4π )Re[gr

↑↓].
Figures 7(c) and 7(d) show that the oscillation amplitudes
of all three projections of Js on the coordinate axes appear
to be larger in the Pt layer contacting crystalline CFO film.
However, the oscillations of these projections Js

i in the bilayer
comprising amorphous CFO film have the same order of
magnitude. This result stems from the fact that relatively
small frequency of magnetization precession in such film,
which reduces the derivative dm/dt involved in Eq. (6), is
largely compensated for by much bigger precession ampli-
tude. By filtering out the high-frequency oscillations of Js

with the aid of the Savitzky-Golay algorithm, we determined
the nonoscillating component 〈Js〉 of the spin current. As
seen from Figs. 7(e) and 7(f), 〈Js〉 increases rapidly during
a short transition period and then becomes constant, which
enables us to consider it a dc component. The dc spin current
has only two significant projections on the coordinate axes,
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FIG. 7. Magnetization dynamics and spin pumping at CFO|Pt interface. Panels (a) and (b) show changes �mi(t ) in the direction cosines
of the oscillating magnetization in crystalline (at ν = 11 GHz) and amorphous (at ν = 0.5 GHz) CFO layers, respectively. Panels (c) and
(d) present the time dependences of the spin current pumped into the Pt layer by crystalline and amorphous CFO layers. Panels (e) and (f)
demonstrate the dc component of the pumped spin current for the bilayers comprising crystalline and amorphous CFO films, respectively. The
spin-current densities Js

i at the interface are normalized by the quantity h̄/(4π )Re[gr
↑↓].

〈Js
y 〉 and 〈Js

z 〉, which have rather different magnitudes in Pt
layers contacting crystalline and amorphous CFO films. Since
〈Js〉 eventually assumes a constant value in the steady-state
regime, the CFO/Pt heterostructure can be employed as an
acoustically driven injector of both ac and dc spin currents.

Owing to spin relaxation and diffusion in Pt, the spin
current density 〈Js〉 decays with the distance z − tF from the
CFO|Pt interface according to the relation [59]

〈Js(z)〉 = 〈J0
s 〉

sinh
( tF+tN−z

ξsd

)
sinh

( tN
ξsd

) , (7)

where 〈J0
s 〉 denotes the value of 〈Js〉 at z = tF, and ξsd =

3.4 nm is the spin diffusion length of Pt [60]. The nonuniform
dc spin current gives rise to a dc charge current due to
the inverse spin Hall effect (ISHE). The density 〈JISHE

s 〉 of
the corresponding charge current can be evaluated using the
formula [59]

〈JISHE
c 〉 = αSH

2e

h̄
es × 〈Js〉, (8)

where αSH = 0.056 is the spin Hall angle of Pt [60], e is the
positive elementary charge, and es is the unit vector in the
direction of spin current, which is parallel to the z axis in
our setting. Since es is orthogonal to the CFO|Pt interface,
the charge current 〈Jc〉 is expected to flow along the interface.
Under open-circuit electrical boundary conditions, however,
such flow should create a charge accumulation at the sides
of the Pt layer, which generates an electric field 〈E〉 in Pt.
Hence, the actual dc charge current 〈Jc〉 is the sum of the ISHE
contribution given by Eq. (8) and the drift current 〈Jdrift

c 〉 =
σN〈E〉 depending on the conductivity σN of Pt.

It is important to evaluate the charge current 〈Jc〉 and
the spatial distribution of time-averaged electric potential
〈ϕ〉 in the Pt layer, because potential difference between
the sides of the normal-metal layer can be used to detect
the spin pumping experimentally [61]. Since the projection
of 〈Js〉 on the z axis does not create any charge current
〈JISHE

c 〉 and the projection 〈Js
x 〉 is zero or very small [see

Figs. 7(e) and 7(f)], the charge current 〈JISHE
c 〉 is governed

by the density 〈Js
y 〉 and flows along the x axis. Hence, it is

sufficient to calculate the two-dimensional distributions of
〈Jc〉 and 〈ϕ〉 in the xz plane. To solve the problem, we used
the Laplace’s equation for the electric potential together with
the appropriate boundary conditions ∂〈ϕ〉/∂z = 0 (at z = tF
and z = tF + tN) and σN∂〈ϕ〉/∂x = 〈J ISHE

x 〉 (at x = 0 and x =
wN, where wN is the width of the Pt layer). These boundary
conditions follow from the fact that the projection of the total
charge current 〈Jc〉 = 〈JISHE

c 〉 + 〈Jdrift
c 〉 on the normal to the

Pt surface should be zero at that surface. In the numerical
calculations of 〈ϕ〉, we assumed the width wN to be 40 μm
and employed the spin mixing conductance Re[gr

↑↓] = 0.62 ×
1019 m−2 determined experimentally for the CFO|Pt interface
[62] and the measured conductivity σN = 9.35 × 106 S m of
Pt [44]. The obtained potential distribution 〈ϕ〉(x, z) enabled
us to calculate the drift current 〈Jdrift

c 〉 = −σN∇〈ϕ〉 and the
total dc current 〈Jc〉 in the Pt layer. The maps presented in
Figs. 8(a) and 8(b) demonstrate that 〈Jc〉 forms a peculiar
vortexlike pattern, which resembles the dynamics of a fluid
put into motion at the interface. The magnitude of the current
density 〈Jc〉 assumes the largest value at the CFO|Pt interface,
where it equals about 6.75 × 105 and 2.7 × 105 A m−2 in
the bilayers comprising crystalline and amorphous CFO films,
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FIG. 8. Two-dimensional maps showing spatial distributions of the density of dc charge current, which flows in thick Pt films contacting
crystalline (a) and amorphous (b) CFO layers. The magnitude of the charge current density is indicated by color, while the arrows show the
direction of charge flow. The maps describe the 60-nm-thick region of the Pt layer near the interface with the CFO and lie in the hatched z-x
plane demonstrated in panel (c). Panel (d) shows the variations of the transverse dc voltage between the sides of the Pt layer with the distance
from the interface with the crystalline/amorphous CFO layer. The thickness and width of the Pt film, which generally affect the charge current
and transverse voltage, are taken to be tN = 4μm and wN = 40μm.

respectively, and falls rapidly with distance inside the nor-
mal metal. The corresponding transverse dc voltage 〈�V 〉 =
〈ϕ〉(x = wN, z) − 〈ϕ〉(x = 0, z) between the sides of the Pt
layer is plotted as a function of the distance z − tF from
the interface in Fig. 8(d). Remarkably, 〈�V 〉 has a value of
about 1 nV at the interface with the crystalline CFO, which
can be registered experimentally and further increased by
using acoustic waves with larger maximal strains εmax

zz to
excite the magnetization precession. Near the interface with
the amorphous CFO, 〈�V 〉 amounts to about 0.5 nV at the
chosen small maximal strain εmax

zz = 5 × 10−5, which cannot
be raised significantly because of the emergence of strain-
induced magnetization switching. However, the amplitudes
of alternating spin currents generated by both crystalline
and amorphous CFO films are much larger than the dc spin
currents created by them (see Fig. 7), which should result in
much higher magnitudes of transverse ac voltages. Since the
resonance frequency of the amorphous CFO layer is much
lower than that of the crystalline one, such layers could
be advantageous for applications in acoustically driven spin
injectors requiring sub-GHz operating frequencies. The spin
current generated in the Pt layer by the dynamically strained
CFO film can be employed for the transfer of spin signals
across metallic interlayers in spintronic circuits. Since the
oscillating spin current creates an alternating charge current
owing to the ISHE, the spin pumping into Pt could be also

employed for the generation of high-frequency electromag-
netic fields.

V. CONCLUSION

In this work, we performed an advanced computational
analysis of coupled elastic and spin dynamics induced by
longitudinal strain waves injected into crystalline and amor-
phous CFO films and CFO/Pt bilayers. We revealed that a
monochromatic elastic wave, which can be generated by an
attached piezoelectric transducer, selectively excites a spin
wave with the same frequency and wavelength. The efficiency
of strain-driven spin wave excitation maximizes when the
frequency ν of injected elastic wave matches the resonance
frequency νr of unstrained CFO film, but such excitation
retains comparable efficiency in a rather wide range of fre-
quencies around νr . Owing to the magnetoelastic coupling
between spins and strains, the driving longitudinal wave
serves as a carrier for the spin wave and endows it with the
elastic dispersion relation at all studied excitation frequencies.
Remarkably, the formed magnetoelastic wave propagates over
rather long distances in CFO despite its high Gilbert damping.

Our micromagnetic modeling also demonstrated the ap-
pearance of secondary elastic waves caused by the backaction
of inhomogeneous magnetization precession on strain state of
CFO. These transverse waves, which were not predicted by
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previous simulations of the propagation of longitudinal waves
along a Ni bar [28], have much smaller amplitudes than the
driving elastic wave and peculiar profiles. The magnetoelastic
feedback also lies at the origin of a noticeable decay revealed
for the driving longitudinal elastic wave propagating in CFO.
Fortunately, the decay length Ldec(ν) characterizing such mag-
netically induced damping of the driving wave is rather large,
amounting to about 70 μm at ν = νr . It should be noted that
the energy transfer from the strain wave traveling in CFO
to the magnetic subsystem can be detected experimentally.
To that end, it is sufficient to compare the attenuation of a
high-frequency longitudinal wave at different orientations of
the CFO magnetization M with respect to wave vector kL.
For instance, when kL is orthogonal to the surfaces of an
in-plane magnetized CFO film, the magnetic damping appears
only in the presence of an out-of-plane external magnetic
field, which creates nonzero projection of M on kL necessary
for the generation of magnetization precession by the elastic
wave.

For CFO/Pt bilayers, we found that the injected longi-
tudinal wave generates a magnetization precession at the
interface, which assumes a steady-state character after a short
transition period. Our theoretical calculations showed that

such precession gives rise to a stable spin current flowing in
Pt, which has both ac and dc components. Owing to the ISHE,
the pumped spin current creates a vortexlike charge current in
thick Pt layer under open-circuit boundary conditions, which
generates a nonuniform distribution of the electric potential.
Importantly, the voltage between lateral sides of the Pt layer
may exceed 1 nV, which can be registered experimentally,
pointing to significant efficiency of the elastically driven spin
pumping.

Thus, the results obtained in this work indicate that CFO
can be a promising material for the acoustic spintronics and
magnonics. Prospective device applications of CFO films
include elastically driven spin injectors with ultralow power
consumption [31], logic gates using the phase of spin waves
[63,64], and reconfigurable spin-based logic circuits [65]. We
hope that our theoretical predictions will trigger experimental
studies of strain-induced spin phenomena in CFO films and
heterostructures.
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