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Acoustic waves and strain pulses created by a piezoelectric or optical transducer represent an attractive
tool for the generation of spin dynamics in magnetoelastic materials and heterostructures. The advantage
of acoustic excitation consists in much lower power consumption compared with the classical excitation
by a microwave magnetic field. The magnetization precession driven by elastic waves can be further used
for spin pumping into normal metals and semiconductors. Here we describe theoretically the magnetiza-
tion dynamics and spin flow induced by plane acoustic waves traversing trilayer structures involving two
ferromagnetic (F) films separated by a layer of normal metal (N). The problem is solved by advanced
micromagnetoelastic simulations, which allow for the two-way coupling between spins and strains in
the F' films and their long-range dynamic interaction resulting from the spin flow across the N spacer. To
derive the expression for such an interaction, we solve the spin-diffusion equation in N with the account of
spin pumping created by dynamically strained F films and spin backflow through the interfaces. Perform-
ing numerical simulations for the Feg; Ga;9/Au/Feg Gajo trilayers excited by longitudinal and transverse
elastic waves, we quantify the inhomogeneous magnetization precession in the galfenol films and deter-
mine the spatial distributions of the oscillating spin current and spin accumulation in the Au spacers of
different thickness. These distributions are further used to calculate the mean spin current and total spin
accumulation in the spacer. It is found that both ac and dc parts of these quantities exhibit strong variations
with the spacer thickness. Remarkably, the nonzero components of the total spin accumulation and mean
spin current mostly have pronounced maxima at Au thicknesses amounting to about 0.25 and 0.75 of the
wavelength Ay of the elastic wave in Au, which is explained by an analytical model of strain distribu-
tion in the trilayer. Our theoretical results, which shed light on the acoustically excited generation of spin
imbalance in magnetoelastic spin-valve structures, could be useful for the development of energy-efficient

spin injectors into normal conductors with weak spin-flip scattering.
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I. INTRODUCTION

Metallic multilayers consisting of alternating ferromag-
netic and nonmagnetic films represent a type of het-
erostructure, which is famous for the phenomenon of
giant magnetoresistance (GMR) [1,2]. The simplest form
of such a heterostructure is a spin valve comprising two
ferromagnetic (F) films separated by a layer of normal
metal (V). Owing to the GMR effect, /N multilayers
and spin valves can be employed as sensors of magnetic
fields [3,4], which was implemented in magnetoresistive
read heads of hard-disk drives [5,6]. Magnetic random
access memories based on spin valves exhibiting non-
volatile resistive switching can be developed as well [7-9].
Recently, it was shown that the use of spin valves ren-
ders it possible to increase the output power of spin-orbit
torque nano-oscillators, which represent current-controlled
compact sources of microwave signals [10].
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At nanoscale thicknesses of the N interlayer, the F
films in the spin valve are coupled by the static short-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) oscilla-
tory exchange [11,12]. A long-range dynamic interaction
between F films also appears in spin valves subjected to
microwave magnetic fields, where the film magnetizations
experience precessional motions [13]. This exchange cou-
pling is caused by nonequilibrium spin currents generated
in the N interlayer owing to the spin pumping by the adja-
cent precessing ferromagnets [14]. However, aside from
the microwave field, the magnetization precession can also
be excited by laser radiation [15], acoustic waves and
strain pulses acting on magnetoelastic materials [16-21],
electric currents [22,23], and microwave voltages applied
to nanostructures with electric-field-controlled magnetic
anisotropy [24-26]. Thus, the dynamic exchange coupling
mediated by the spin flow in the N spacer may appear
in F/N/F heterostructures subjected to various external
stimuli, as revealed recently in pseudospin valves excited
by femtosecond laser pulses [27].
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The dynamic coupling influences the magnetization pre-
cession in the £ films via a torque created by the pumped
spin current crossing the N spacer with a weak spin-
flip scattering [13]. In F/N/F trilayers subjected to a
microwave magnetic field, this torque manifests itself in a
change of the linewidth of ferromagnetic resonance (FMR)
[13]. When the F layers have the same resonance fre-
quency and parallel magnetizations, the FMR linewidth
reduces drastically in comparison with that of the uncou-
pled F layers, because the overall spin current in the spacer
vanishes [13]. In contrast, the FMR linewidth increases
in spin valves with antiparallel magnetizations, where the
spin currents pumped by two F layers add to each other
[28,29]. Hence, suitable F//N/F trilayers could be more
efficient spin injectors into normal metals than the F/N
bilayers [29,30]. Recently, it was shown that the dynamic
coupling also affects the decay rates of the magnetization
precessions launched by femtosecond laser pulses in the
Feg;Ga9/Cu/Feg Gaj9 pseudospin valve [27].

In this work, we theoretically study the acoustically
driven dynamics of spin-valve structures comprising the
F films with a strong magnetoelastic coupling between
spins and strains and the N interlayer with a weak spin-
flip scattering. Our approach is based on the numerical
modeling of the coupled magnetic and elastic dynamics
in ferromagnetic heterostructures [31-33]. We consider
F1/N/F2 trilayers dynamically strained by plane longitu-
dinal and transverse elastic waves, which can be generated
by a piezoelectric or optical transducer attached to one
of the F films (Fig. 1). Numerical simulations are per-
formed for FegGajo/Au/Feg Gajg trilayers traversed by
monochromatic acoustic waves with the frequency provid-
ing an efficient excitation of the magnetization precession
in the galfenol films. The simulations take into account
the spin flow in the Au spacer, which is generated by
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FIG. 1. Schematic representation of the spin-valve structure
comprising two ferromagnetic films 1 and F2 and a normal-
metal spacer N. The elastic wave is injected into F'1 and then
propagates across the structure, inducing inhomogeneous mag-
netization dynamics in ferromagnetic films. The magnetization
precession at two F'/N interfaces leads to spin pumping into the
N layer. The unit vectors m%, and m)%, show the equilibrium
magnetization directions in F'1 and F2. The projections of these
vectors on the z axis may have either opposite or the same sign.

the dynamically strained Feg;Gajo films, and the result-
ing dissipative coupling of the magnetization precessions
occurring in two F films.

The paper is organized as follows. Section II is ded-
icated to theoretical description of the magnetoelastic
dynamics in F1/N/F2 trilayers, Sec. IIl discusses the
results of the simulations of elastic wave propagation
across Feg;Gaj9/Au/Feg,Gay trilayers, Sec. IV provides
the summary of the work, and Appendix delivers the anal-
ysis of the strain distribution in the studied heterostructure
in order to explain the results of the simulations.

II. MODELING OF MAGNETOELASTIC
DYNAMICS IN F1/N /F2 TRILAYERS

The simulations are performed using a unified ensem-
ble of nanoscale computational cells covering the whole
F1/N/F2 trilayer. The magnetization dynamics inside the
F1 and F2 films is described by the standard Landau-
Lifshitz-Gilbert (LLG) equation [32] written for the unit
vector m(r, ) defining the magnetization direction in the
F' cells. Variations of the mechanical displacement u(r, ¢)
in the trilayer are quantified by the elastodynamic equation
of motion [32]. The two-way coupling between the mag-
netization and strain in F layers is accounted for via
a magnetoelastic contribution to the effective field He
involved in the LLG equation and by adding magnetoelas-
tic terms to the elastodynamic equation [32]. The effective
field Hgr acting on the magnetization also includes other
relevant contributions, which result from the external mag-
netic field H, exchange coupling, cubic magnetocrystalline
anisotropy, and dipolar interaction between the spins [34].
Hence, our simulations take into account the magnetostatic
interaction between the F films, but ignore the RKKY
coupling because it is negligible at the considered spacer
thicknesses #y > 20 nm.

The dynamic exchange coupling between the F lay-
ers gives rise to additional terms in the LLG equation,
which describe the torque created by the spin flow across
the N layer [13]. Since the spin momentum orthogonal to
the magnetization cannot penetrate into three-dimensional
(3D) metals beyond the spin-coherence length of less than
1 nm [35], this torque should be introduced only in the
computational cells adjacent to the F'1/N and F2/N inter-
faces. In order to obtain the expression for such a torque
in an explicit form, we solve the spin-diffusion equation
in the N layer, which operates with the spin accumulation
I (x, f). This vector quantity represents a nonequilibrium
chemical potential imbalance defined by the relation p, =
S/ deTt[6f (€)], where & is the Pauli matrix vector, and

A

f (e) is the 2 x 2 matrix distribution function at a given
energy € in the N layer [36]. In the adiabatic approxi-
mation, the spin-diffusion equation governing the spatial
distribution of spin imbalance across the spacer can be
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written as [36]
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where D is the diffusion coefficient and 7gf is the spin-flip
relaxation time. An adiabatic approximation implies that
the magnetization precesses around its equilibrium direc-
tion slowly on the time scale of electronic relaxation in
the F/N system, and at each time moment the system
can be considered to be in a steady state. In order for
this approximation to apply, the angular frequency 2mv
of the magnetization precession should be well below the
spin-flip rate 7' in N [36]. For the studied Feg;Gaj9/Au
system, the spin-flip relaxation time s is about 10 ps [37],
and the maximal value of 277 v in our simulations amounts
to about 36 GHz, which is significantly smaller than rs}l ~
100 GHz, justifying the use of the spin-diffusion equation
in the form of Eq. (1). The spin accumulation u, deter-
mines the spin-current density J, which is a second-rank

J

tensor characterizing the direction of spin flow and the
orientation and magnitude of the carried spin polariza-
tion per unit volume [38]. In our one-dimensional model,
the density J; is defined by the relation e, - Js(x,?) =
—[oh/(4€*)]dpm,(x, £)/dx, where e, is the unit vector nor-
mal to the interface and pointing into the N layer, e is the
elementary positive charge, and o is the electrical con-
ductivity of the N layer. The boundary condition for J; at
the F/N interfaces reads J; = Jsp + Jsg, where the den-
sity Jsp of the pumped spin current can be evaluated via
the approximate relation e, - Jsp =~ (h/4n)Re[g; l]m X
m, Jsg(x,7) is the density of the spin backflow defined
by the formula e, - Jsg ~ —Re[g@]us/%r, h is Planck’s

constant, and Re [g% L] is the real part of the complex reflec-
tion spin-mixing conductance per unit area of the F'/N
contact [39]. The solution of Eq. (1) yields the follow-
ing expressions for the spin accumulation p,(x, f) and spin
current J(x,#) flowing along the x axis in the spacer

(i=x,y,2):

aensp i (O cosh (=) 4y sinh (A1) ] =I5 (0 cosh (7) + 1 sinh (75)]

wi(x, 1) =

stlfp(l)(t)[ sinh (

D

oh sinh () [1 + (1 +12) coth G25) + mnz]

B

@

B0 + mcosh (B5)] +75" (0 sinh (72) + m cosh (2]

J5, ) =

where

e, -J(Slp)(t) = ERe[g;(j)]ml X my,

4 3)
e J5(1) = —iRe[g;<f)]m2 X Ty,

4

e, is the unit vector in the direction of the x axis, m; and
m; define the magnetization orientations in the cells adja-
cent to the F'1/N and F2/N interfaces, respectively, Agp is
the spin-diffusion length in the N layer (taken equal to 35
nm [40] in our simulations of Feg;Gaj9/Au/Feg,Gayg tri-
layers), and 1, = eZRe[g?i1 ’2)]XSD /(o hrr) are the dimen-
sionless quantities characterizing the two F//N contacts.
Equations (2) represent a useful result, because they

dmy Y
dt 1+ (y+a))?

sinh (25 [14+ (1 + 1) coth GE5) + i |

>

(

describe the distributions of spin accumulation and spin
current in a normal metal or semiconductor layer with spin
pumping from both sides and the account of spin backflow.
If the spin pumping from either side is absent, the corre-
sponding JXS;P(t) can be set to zero, and if one wishes to
disregard the spin backflow through one of the interfaces,
the corresponding 1 should be set to zero, yielding familiar
formulas present in the literature.

The derived expression for J3;(x,#) enabled us to gen-
eralize the results of Refs. [13] and [36] and obtain the
modified LLG equation for the unit vectors my in compu-
tational cells adjacent to the F'1/N and F2/N interfaces
in the form (subscripts & and / take values 1,2, which cor-
respond to films F'1 and F2; when k = 1, / = 2, and vice
versa)

k k i
[mk X Héﬁ) + (o + p)my x my X Héfg —o/m; x m; X Héf)f];
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/
O

yhRe[g/ ] [sinh (L) + 1y cosh (%)]

47 M Ax sinh (25 [ 1+ Gre + m) coth GE) + i |

(4)

/
" 14 hRe [g ;(i) ] Nk

o

where y is the gyromagnetic ratio, oy is the intrinsic
Gilbert damping parameter of the F'1 or F2 film, «; is the
addition to the damping coefficient due to the spin pumping
and backflow, and «; allows for the coupling between the
two F layers due to the spin diffusion through the spacer;
M® is the saturation magnetization of the corresponding
film and Ax is the size of the computational cells along
the direction normal to the interfaces. In our simulations,
we solve the regular LLG equation (with o = o) = 0)
in all computational cells in F' except those adjacent to
F /N interfaces, for which Eq. (4) is solved. We empha-
size that Egs. (2) and (4) are valid for F1/N/F2 trilayers
with the magnetization precession excited by any external
stimulus, including microwave magnetic field [13] or laser
pulses [27].

To model the injection of a plane elastic wave into the
spin valve, we introduce a periodic displacement u(x =
—tr1,1) = ug(¢) at the free surface x = —#z; of the F1
layer (Fig. 1). The surface displacement with the com-
ponents uB = u(z) =0 and ug = Umax SIN(27TVE) generates
an oscillating strain e,,(x,#) forming a longitudinal elas-
tic wave, while a transverse wave with a shear strain
£.z(x,1) can be created by setting u) = u) = 0 and u) =
Umax SIN(2vf) [31,32]. The excitation frequency v is cho-
sen to be equal to the resonance frequency v,s(H) of the
unstrained F'1 and F2 films, which is determined by simu-
lating the relaxation of the magnetization to its equilibrium
orientation at the introduced magnetic field H. The ampli-
tudes umax of the surface displacements »® and u? are
given unequal values providing the same maximal strain
£max = 107 in the longitudinal and shear acoustic waves
having different frequencies v = v (H) [32].

TABLE 1.
transverse elastic waves.

k= )
47 M Ax sinh (25 [ 1+ Gr¢ + m) coth GE) + mun |

B

(

Numerical simulations are performed for Feg; Gajq/Au/
Fes;Gayg trilayers using the material parameters of
Feg1Gaj9 and Au listed in our previous paper [31].
For the reflection spin-mixing conductance of the
Fes;Gajg/Au interfaces, we employ the theoretical esti-
mate (ez/h)Re[g&] ~ 4.66 x 10" Q! m~2 obtained for
the Fe/Au contact [40]. Other parameters of the simula-
tions are listed in Table I. To maximize the magnetization
precession amplitude at Feg; Ga;9/Au interfaces, the thick-
ness 7p) of the first FegjGajg film is chosen according to
the criterion derived in our previous paper for F'/N bilay-
ers (as shown in Appendix, the same criterion applies to
F1/N/F2 trilayers). The second Fes;Gajg film (F2) is
given much larger thickness #r; strongly exceeding the
wavelength Az of elastic waves in galfenol. This enabled
us to get rid of the elastic waves reflected from the F2
free surface at x = ty + t», which would have created
undesired perturbation of the magnetization dynamics at
the interfaces. The thickness ty of the Au layer is var-
ied in a wide range of values from approximately 20 nm
to approximately Ay in order to reveal the dependence of
the generated spin flow on spacer thickness (Ay denotes
the wavelength of the elastic waves in Au). The equilib-
rium orientations of the magnetization in F'1 and F2 are
chosen to maximize the magnetoelastic torque exerted on
them by the strain &y, in the longitudinal elastic wave or
&y, in the transverse elastic wave. At the excitation by a
longitudinal wave, the torque is maximized when the mag-
netization is inclined at 45° to the film surfaces (m, = m,
or m, = —m,). To achieve such an orientation, we intro-
duce a constant external magnetic field H, = 11831.77
Oe, the magnitude of which is chosen to counteract the

Parameters of the micromagnetoelastic simulations of Feg;Gajg/Au/Feg,Gajg trilayers excited by longitudinal and

Longitudinal wave Transverse wave

External magnetic field

Excitation frequency v = Vyeg

Equilibrium orientation of m in F'1 (same in /2 in the P case)
Equilibrium orientation of m in 2 in the AP case
Wavelength Ag of elastic wave in F'1 and F2 at v
Wavelength 1y of elastic wave in N at v

Thickness tr; of F'1

H, =11831.77 Oe None
2.8 GHz 5.8 GHz
[0.712986, 0, 0.701179] [0,0,1]
[0.712986, 0, —0.701179] [0,0, —1]
1628 nm 693 nm
1128 nm 254 nm
0.5AF 0.75AF
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demagnetizing field, which forces the magnetization to
lie in the plane of the film. In the case of a transverse
elastic wave, the torque is maximized when m, = £1 or
m, = £1. In our simulations of transverse elastic waves
we consider trilayers with parallel (P) and antiparallel (AP)
in-plane orientations of the magnetizations in two galfenol
films. The same notation P and AP is used below for the
magnetic states of the trilayers traversed by longitudinal
elastic waves, because in these states the magnetization in
the F' layers has the m, component either of the same (P)
or the opposite (AP) sign (see Table I).
Micromagnetoelastic simulations are performed with
the aid of an in-house software, which solves the elasto-
dynamic equation in Feg;Gajg9 and Au films by a finite-
difference technique with a midpoint derivative approx-
imation and numerically integrates the LLG equation in
Feg;Gayg films by the projective Runge-Kutta algorithm.
We employ a fixed integration step 6¢= 100 fs and
cubic computational cells with the size Ax = Ay = Az =
2 nm smaller than the exchange length [ ~ 4 nm of
galfenol. The “free-surface” magnetic condition om/dx =
0 is imposed at both /N interfaces, while the mechan-
ical boundary conditions at these interfaces are satisfied
automatically in our computational procedure.

II1. RESULTS OF MICROMAGNETOELASTIC
SIMULATIONS

The simulations of Feg;Gajo/Au/Feq Gajg trilayers
show that the periodic mechanical displacement u(?)
introduced at the free surface of the first galfenol film
launches a longitudinal or transverse elastic wave, which
propagates across the trilayer with the respective wave-
length Ar in the Feg;Gajg films and Ay in the Au layer
(see Table I). Due to the strong magnetoelastic coupling
between strains and spins in the galfenol films [31], the
elastic wave excites an inhomogeneous magnetization pre-
cession with the amplitude depending on the spatial posi-
tion x. Owing to the magnetoelastic feedback, this preces-
sion generates secondary elastic waves with the amplitude
2 to 3 orders of magnitude smaller than that of the driv-
ing elastic wave. They propagate in the trilayer, but do not
influence significantly the magnetization dynamics in the
F layers and subsequent spin pumping into N layer. After a
short transition period of several nanoseconds (exact dura-
tion depends on #y), a stationary magnetization precession
settles in two galfenol films, as demonstrated by Fig. 2 for
the magnetizations at the Feg; Ga 9/Au interfaces.

The data on the steady-state magnetization precession
at the interfaces, which are obtained from the micromag-
netoelastic simulations, allowed us to calculate the spin
currents Jsp pumped into the Au layer by the dynamically
strained galfenol films. Equation (2) is then used to deter-
mine the spatial distributions of the spin accumulation and
spin current in the spacer. Before proceeding to present
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FIG. 2. Typical time dependences of magnetization precession
at F'1/N and F2/N interfaces in the Feg; Gaj9/Au/Feg Gajg tri-
layer. Curves are plotted for parallel magnetizations in F'1 and
F2 layers excited by a transverse elastic wave. Spacer thick-
ness ty = 80 nm. For clarity, only the deviation of the in-plane
component 71, is shown.

the results of the calculations, we briefly discuss the ori-
gin of the ac and dc parts of the pumped spin current and
the parameters they depend on.

The spin-current density Jsp can be calculated using
Eq. (3) that describes its dependence on the magnetization
precession at the F'/N interface. For clarity, we consider
small-angle precession around an equilibrium direction
my, at which the magnetization components m;(f) can be
written in a sinusoidal form m; = m? + 8m; sin(wt + @),
where m! are the direction cosines of the equilibrium mag-
netization, ém; are the precession amplitudes, w is the
angular frequency of the precession, and ¢;; is a phase shift
between m; and m; . In this case, the nonzero components
of the tensor Jgp can be cast into a form

SP 0 0 - :
J)CX X mymz - mzmy - (Smysmzw Sln((pyz):

SP 0 - 0, :
Jy ocm;my — myni; — SmySm,w sin(@sy), (5)
TSP o iy, — mgmx — SmySmyw sin(gyy).

First two terms in each row of Eq. (5) correspond to ac
spin current and the last term corresponds to dc spin cur-
rent. Since in our simulations of the trilayers excited by
a longitudinal elastic wave only mg = 0, all three compo-

nents J 5P of the ac spin current differ from zero. In contrast,
the ac current generated by a shear wave has two nonzero

components, because in the studied trilayers m® = mS =0

X
yielding ac JSP = 0. Concerning the dc current created
by a shear wave, it has only one component J5F, since
at m? = 1 the quantity §m, = 0 in the first approxima-
tion. In the trilayers traversed by a longitudinal wave, all
three components of the dc spin current are expected to

be nonzero according to Eq. (5). However, the simulations
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show that ¢,, = 180°, which nullifies the dc part of JxSyP.
Thus, it appears that a vector having projections on the
coordinate axes equal to the components J5" of the dc spin
current is parallel to the equilibrium magnetization direc-
tion my in the F film. This interesting feature is confirmed
by analytical calculations for any orientation of my.
Figure 3 shows representative results obtained for the
spin-current densities J;; at the £'1/N interface, which are
calculated using Eq. (2) accounting for the spin pumping
and backflow at both interfaces. Panel (a) of this figure
presents the time dependences of the largest components
of the ac spin current, while (b) demonstrates the evolu-
tion of the nonzero components of the dc one. It can be
seen that the ac spin currents generated by longitudinal and
transverse waves have similar amplitudes in the steady-
state regime. In contrast, the dc spin current created by the
longitudinal wave becomes 2 times larger than the one gen-
erated by the transverse wave. As it usually occurs, the ac

(a) 150 : ,
— long, J;,
100|| — long, J:.
. — trans, J,
B 501
€
< o0
23
o -50|
[(v]
-100/
-150 05 1.0 15 2.0 25 3.0
Time (ns)
(b) :
5 0l| — long. g

00 05 1.0 1.5 2.0 25 3.0
Time (ns)

FIG. 3. Time dependences of the total spin-current
densities J;, generated at the FI1/N interface of the
Feg1Gajg/Au/Feq Gayg trilayers traversed by longitudinal
and transverse acoustic waves. Panels (a), (b) show the largest
ac parts and nonzero dc parts of these spin-current densities,
respectively. The magnetic states of the trilayers are assumed
to be of the P type, and the Au thickness equals either 250 nm
(case of longitudinal wave) or 80 nm (case of transverse one).

spin current exceeds the dc counterpart by about 2 orders
of magnitude.

Let us take a closer look at the dc parts of the spin-
current density J; and the spin accumulation u,. In our
discussion, we concentrate on the components J;, and u?,
because they are present under both kinds of acoustic exci-
tations. From Eq. (5) it follows that the pumped dc spin
current J5P depends on three factors: magnetization pre-
cession amplitudes §m, and dm,, precession frequency w,
and the phase shift ¢,, between m, and m,. The first two
factors affect the magnitude of the dc spin current, but not
its sign. The last factor, however, influences both the mag-
nitude and the sign, which has significant consequences for
the total spin current in the N layer given by Eq. (2). The
simulations show that sin ¢,, takes such values that the
component J of the dc spin current at the F'1/N inter-
face has the same sign as the magnetization component
m?, whereas the opposite relation holds at the F2/N inter-
face. Accordingly, the dc spin currents J, at the /'1/N and
F2/N interfaces are both positive or negative in the trilay-
ers with the AP magnetic state, while they have opposite
sign in the trilayers with the P state. Combining this infor-
mation with Eq. (2), it can be deduced that the dc spin
current J in the N layer will be enhanced in the AP state
and reduced in the P one with respect to the case of F/N
bilayer, where the spin pumping occurs at one interface
only. The opposite, however, is true for spin accumulation:
the contributions to the dc part of the spin accumulation
W generated by two dynamically strained F* films will add
in the P state and subtract in the AP one. The above con-
clusions hold for the trilayers excited by both longitudinal
and transverse waves, as illustrated by Fig. 4 showing the
spatial distributions of the discussed quantities in the Au
spacer.

Then a natural question of how the spacer thickness
ty influences the magnitudes of the spin accumulation
and spin current in the Au layer arises. To quantify
this influence, we calculate the total spin accumulation
() = fO[N wi(x)dx and the mean spin current (J5) =
1/ty [}¥ J5(x)dx in the spacer. Figure 5 shows the vari-
ations of the dc parts of (uf) and (J;,) with the spacer
thickness in the Feg;Gaj9/Au/Feg,Gayg trilayers with the
P and AP magnetic states. It can be seen that in the trilay-
ers excited by the longitudinal elastic wave the dc part of
(u3) has strong maxima at ty = 0.25Ay and ty = 0.75Ay
[Fig. 5(a)]. The same periodicity of 0.5Ay between the
maxima exists for the spin accumulation generated by the
transverse wave, but these maxima are less pronounced
and shifted to larger thicknesses #y =~ 0.3Ay and #ty ~
0.81y. Regarding the average dc spin current (J?,), it dis-
plays local maxima at ty ~ 0.25Ay and #y &~ 0.75Ay in
the trilayers traversed by the longitudinal wave [see panel
(b) in Fig. 5]. However, when excited by the transverse
wave, this current decreases monotonically with increasing
spacer thickness, because the trend of having local maxima
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FIG. 4. Spatial distributions of the dc components of spin-
current density J3, (a), (b) and spin accumulation u (c), (d) in Au
spacers of Feg; Gaj9/Au/Feg, Gayg trilayers. Panels (a), (c) show
the results obtained for the trilayers with the spacer thickness
ty = 250 nm traversed by a longitudinal elastic wave, while pan-
els (b), (d) correspond to the trilayers with #y = 80 nm excited
by a transverse one. Magnetic states of the trilayers (P or AP) are
indicated on the plots.
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FIG. 5. Dependences of the dc parts of total spin accumu-
lation (u?) (a) and mean spin-current density (J:.) (b) in the
Au spacer on its thickness #y. Data points of different colors
show the results obtained for the P and AP magnetic states of
the Feg;Gajo/Au/Feg  Gayg trilayers excited by longitudinal and
transverse elastic waves. The spacer thickness #y is normalized
by the wavelength Ay of the respective elastic wave. Vertical
lines show the spacer thicknesses providing maximal amplitudes
of the acoustically induced magnetization precessions at the
F /N interfaces, which are predicted by analytical calculations
described in Appendix.

is suppressed by a factor of 1/ty involved in the averag-
ing. Comparing the graphs shown in Fig. 5, we find that
the largest dc component of the spin accumulation (uf) is
obtained under the action of the longitudinal acoustic wave
in the spin valve with the P magnetic state and Au thick-
ness ty ~ 0.25.y ~ 280 nm. In contrast, to maximize the
mean dc spin current (J7) in the spacer, one should use
the trilayer with the AP state and the smallest suitable Au
thickness and choose the excitation by the transverse wave.

We also study the impact of spacer thickness on the
amplitudes of the ac parts of the total spin accumulation
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and mean spin current in the Au layer. These amplitudes
are determined by calculating the quantities (u]) and (J3;)
at each time moment and then evaluating the amplitudes of
the resulting time-dependent functions at different values
of ty. Figure 6 shows the results obtained for the represen-
tative components of the total spin accumulation and mean
spin current generated by two types of acoustic waves.
It can be seen that the amplitude of the ac spin accu-
mulation () in the trilayers excited by the longitudinal
wave also has pronounced maxima at the spacer thick-
nesses fy ~ 0.25Ay and ¢y ~ 0.75Ay. In striking contrast,
the amplitude of the ac spin accumulation (u}) generated
by the transverse wave displays only one strong peak [see

a I
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C
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™ eee trans, P, (J5,)
€ goj - ° = trans, AP, (J:,)
£ N
. 60} AN
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% e \\.
20} \. e
T A —o—o— °
o) * e et oo TP e e o o |
0.0 0.25 0.50 0.75 1.00
Relative spacer thickness ty/\y
FIG. 6. Amplitudes of the ac parts of total spin accumulation

(1) (a) and mean spin-current density (J3;) (b) in the Au spacer
plotted as a function of the spacer thickness . Data points of dif-
ferent colors show the results obtained for the P and AP magnetic
states of the Feg;Gaj9/Au/Feg Gajg trilayers excited by longi-
tudinal and transverse elastic waves. The spacer thickness #y is
normalized by the wavelength Ay of the respective elastic wave.
Vertical lines show the spacer thicknesses providing maximal
amplitudes of the acoustically induced magnetization preces-
sions at the F'/N interfaces, which are predicted by analytical
calculations described in Appendix.

panel (a) of Fig. 6]. Remarkably, the position of this peak
depends on the magnetic state of the spin valve: the peak
appears at the Au thickness #y & 0.3Ay in the AP state
and at ty &~ 0.8Ay in the P one. This feature appears due
to the additional factor, which affects the amplitudes of
the ac parts of spin accumulation and spin current in the
spacer along with those described above. Namely, these
amplitudes also depend on the phase difference between
the spin currents J élp) () and J ézp) (f) generated at the F'1/N
and F2/N interfaces. This difference originates from the
fact that the elastic wave needs some time to cross the
N layer, which creates a phase shift of the magnetization
precession at the F2/N interface with respect to the pre-
cession at the F'1/N one. The presence of such a shift
also strongly influences the mean ac spin current (/) gen-
erated by the transverse acoustic wave, leading to rather
different dependences of its amplitude on the spacer thick-
ness in the trilayers with P and AP magnetic states [see
panel (b) of Fig. 6]. In contrast, the magnetic state of the
spin valve excited by the longitudinal elastic wave has a
weak effect on the amplitude of the mean spin current (/)
in the Au spacer.

The most interesting result of our numerical simulations
is the revealed existence of the pronounced maxima in
the dependences of the total spin accumulation and mean
spin current on spacer thickness. The analysis showed
that this remarkable feature is caused by the enhancement
of the pumped spin currents J(Slp) and J(SZP) at the spacer
thicknesses #y &~ 0.25\y and #y = 0.75Ay. From Eq. (3)
it follows that such an enhancement should be attributed to
the increase in the magnetization precession amplitude at
the interfaces. Our previous study of the magnetic dynam-
ics in acoustically excited F'/N bilayers [33] showed that
the main factor governing the precession amplitude at the
interface is the magnitude of the oscillating strain at that
point. Therefore, we perform analytical calculations of the
effect of spacer thickness on the dynamic strain states of
elastic trilayers traversed by longitudinal and shear waves
(see Appendix). The calculations showed that the maximal
strain amplitudes at both interfaces of F'1/N/F2 trilayers
are expected at the thickness #y** given by the relation

A A
SO NP
(6)
0= chokn + chakea

N _ AF2 ’
Caoz kN C(w sz

where o = 1 for longitudinal elastic wave and o = 4 for
the shear one, n =0,1,2,..., ¢ and c£? are the elastic
stiffnesses of the N and F2 layers, and ky and kg, are the
wave numbers of the considered elastic wave in those lay-
ers. When the elastic damping is negligible, ky and kg,
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can be regarded as real quantities. In this case, the parame-
ter Q is real and /™ = (Ay/4) + n(Ay/2), which explains
why the pumped spin currents Jélp) and Jézp) have maxima
near such thicknesses. The total spin accumulation, which
is governed by the superposition of spin currents, mostly
shows similar variations with the spacer thickness, but the
phase difference between J (SIP) () and J gzP) () may eliminate
one of the two maxima expected at zy < Ay. The same is
true for the mean spin current (J3;) in the N spacer; how-
ever, maxima at ry = 0.25Ay and 0.75Ay may get masked
by a factor of 1/#y involved in the averaging.

Our analytical calculations also predict an optimal thick-
ness of the F'1 film in the trilayer, which maximizes the
strain amplitude at the F'1/N interface (see Appendix).
They show that such a thickness depends on the value
of the dimensionless parameter Z, = \/c¥,on/(cElpr1),
where py and pg are the mass densities of the N and
F1 layers. Namely, when Z, < 1, the strain amplitude
will be maximized at ¢tz = Ap1/4 4+ nip1/2, whereas at
Zy > 1 the optimal thickness is defined by the relation
tr1 = nip1/2. These results coincide with those obtained
for F'/N bilayers in our preceding paper [33] and, together
with Eq. (6), give a recipe for choosing an optimal geome-
try of F1/N /F2 trilayers, which provides maximal ampli-
tudes of the magnetization precessions at the F1/N and
F2/N interfaces. The influence of the elastic damping on
the optimal thicknesses of F'1 and N layers can be taken
into account by specifying the imaginary parts of the wave
numbers kg1, ky, and kg,. This approach is valid for mate-
rials where the decay length of acoustic wave is of the
order or greater than its wavelength.

Finally, the simulations show that the long-range
dynamic interaction between F1 and F?2 layers, which
results from the spin flow across the N spacer, does not
affect the acoustically excited magnetization dynamics in
any significant way. This interaction is taken into account
in Eq. (4) by the terms proportional to the parameter o}/,
but they turned out to be negligibly small in comparison
with other terms.

IV. CONCLUSION

In this paper, we theoretically describe the spin dynam-
ics generated in Feg;Gajg9/Au/Feg Gayg trilayers by the
injected longitudinal and transverse elastic waves. By solv-
ing the spin-diffusion equation, we derive the analytical
relations for spin accumulation and spin current in the
spacer, which account for the spin pumping created by the
magnetization precession at the two interfaces and the spin
backflow [Eq. (2)]. These relations, which are valid for
any type of external stimulus exciting the magnetization
precession, enable us to obtain a modified LLG equation
correctly describing the local changes in the magnetic
damping at the interfaces caused by spin flow in the spacer
[Eq. (4)]. This equation is solved numerically together

with the elastodynamic equation in the simulations of the
injection of elastic waves into the trilayer.

The numerical data on the acoustically induced sta-
tionary magnetization precession at the interfaces of the
Feg Gajg/Au/Feg Gayg trilayers are used to calculate the
time dependences and spatial distributions of the spin
accumulation p (x,#) and spin-current density Js(x,?) in
the Au spacer with thickness #y ranging from 20 nm to
the wavelength Ay of the driving elastic wave in Au. Then
the ac and dc parts are determined for the projections of
the vector u, on the coordinate axes and the nonzero com-
ponents J;; of the tensor J;. It is found that the ac parts of
these quantities are generally much larger than the dc ones,
with the exception of the spin-current density J;, gener-
ated by the transverse elastic wave, which has no ac part in
the geometry of our setup. In order to reveal the effects of
the initial magnetization orientations in the galfenol films,
we studied the trilayers with parallel and antiparallel mag-
netic states (see Table I in Sec. II for the definition of these
states). The calculations show that the initial magnetic state
of the Feg; Gajg/Au/Feg Gayg trilayer may strongly influ-
ence both the spin accumulation and spin current in the Au
spacer. In particular, the dc part of the spin accumulation
WS is larger in the P state than in the AP one, whereas the
opposite holds for the dc spin-current density J,.

The most interesting results have been obtained for the
impact of the spacer thickness #y on the magnitude of
acoustically generated spin imbalance in the Au layer. The
simulations show that the spin currents J(SIP) () and Jézp)(t)
pumped at F1/N and F2/N interfaces have pronounced
maxima at spacer thicknesses equal to about 0.25 and 0.75
of the wavelength Ay of the elastic wave in Au, which is
explained by the increase in the amplitude of the strain-
induced magnetization precession (see Appendix). This
feature most clearly manifests itself in the variations of the
dc part of the total spin accumulation (u}) generated by
both longitudinal and transverse elastic waves [Fig. 5(a)]
and of the ac part of (u}) created by the longitudinal wave
[Fig. 6(a)]. However, in the trilayers excited by the trans-
verse wave, the ac part of () has only one pronounced
maximum, which corresponds to 7y &~ 0.31y in the AP
state and to ¢ty ~ 0.81y in the P one. In contrast, the ac
and dc parts of the mean spin-current densities (J:,) mostly
become maximal at the smallest considered thicknesses of
the Au spacer because the averaging involves an additional
prefactor 1/ty [see Figs. 5(b) and 6(b)].

Our main theoretical predictions should be valid for
spin-valve structures made of other ferromagnetic and fer-
rimagnetic materials with strong magnetoelastic coupling
and normal conductors having weak spin-flip scattering.
Suitable magnetic materials include Ni, Co-Fe, and Fe-Ga
alloys, and ferrimagnetic insulator CoFe,;O4, which have
magnetoelastic constants of the order of 10% erg cm =3 [32].
The spacer can be made of a normal metal with a con-
siderable spin-diffusion length Agp at room temperature,
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such as Ag, Al, and Cu (Asp = 150 — 400 nm [41]), or
a nonmagnetic semiconductor like GaAs (Asp = 2.3 um
[42]), ZnSe (Asp = 1.2 um [43]), and GaN (Asp ~ 0.7 um
[44]). To confirm this statement, we perform micromag-
netoelastic simulations of the acoustically generated spin
flow in the Ni/GaAs/Ni trilayers. The simulations, which
employ the set of material parameters of Ni and GaAs
listed in our preceding paper [33], showed that the lon-
gitudinal and transverse elastic waves with the frequency
V = Ves(Hy = 1000 Oe) & 3.3 GHz efficiently generate
the spin imbalance in the GaAs spacer. In similarity with
the results obtained for the Feg; Gaj9/Au/Feg, Gayg trilay-
ers, the spin currents pumped into GaAs at the Ni/GaAs
interfaces have pronounced maxima at spacer thicknesses
ty equal to about 0.25 and 0.75 of the wavelength Ay of
the elastic wave in GaAs. However, since such thicknesses
ty < 1 pum are much smaller than the spin-diffusion length
Asp = 2.3 um of GaAs, the variation of spin accumulation
across the GaAs spacer with #y < Ay appears to be almost
linear and nowhere goes to zero, which is advantageous for
device applications. Furthermore, the simulations showed
that the dc and ac components of the mean spin accumu-
lation in the spacer attain maximal values at certain GaAs
thicknesses, which are mostly close to either 0.25 or 0.75
of )»N.

The results obtained in this work provide guidelines for
the development and optimization of acoustically driven
spin injectors into normal metals and semiconductors. The
main advantage of such devices is a much lower power
consumption in comparison with the conventional injec-
tors that employ a microwave magnetic field. Indeed, the
input electric power of the piezoelectric transducer, which
generates an acoustic wave with a moderate strain ampli-
tude emax = 1074, is predicted to be 510 times smaller
[33] than the power consumption of a spin injector driven
by the microwave magnetic field [45]. Furthermore, we
reveal that the efficiency of the acoustic spin injector
employing a spin-valve structure can be strongly increased
via an optimal design, which takes into account the pre-
dicted variations of the generated spin signal with the
spacer thickness, initial magnetic state of the F'1/N /F2 tri-
layer, and the type of elastic wave used for the excitation of
the magnetization precession in the ferromagnetic layers.
In particular, the simulations show that the total spin accu-
mulation in the spacer can exhibit a maximum at a certain
spacer thickness, which does not happen under microwave
excitation [27,28]. Another advantage of the acoustic spin
injector is the electrical control of the spin accumulation
magnitude, which can be easily tuned and modulated by
changing the amplitude of the applied ac voltage.

The development of efficient spin injectors is useful for
the realization of other spintronic devices [46—49]. For
example, the functioning of spin light-emitting diodes and
spin lasers creating circularly polarized light requires the
creation of a spin imbalance in the active semiconductor

region, where the recombination of electrons and holes
leads to the emission of light of positive and negative
helicity [46,49]. Such an imbalance can be generated elec-
trically by an integrated spin injector providing the spin
flow into the gain region. As the acoustic spin injector can
create a spin-polarized electric current, it also has poten-
tial applications in spin field-effect transistors (spin FETs).
Indeed, the operation of a spin FET is based on chang-
ing the electric current in the channel by modulating the
spin-flow characteristics, which can be achieved with the
aid of a gate voltage, external magnetic field, or circularly
polarized light [48]. Since reprogrammable logic opera-
tions at room temperature can be performed using the spin
accumulation in a semiconductor layer [50], the acoustic
spin injector is capable of facilitating an energy-efficient
functioning of spin-based logic gates as well.

APPENDIX: DISTRIBUTION OF DYNAMIC
STRAINS IN THE F1/N /F2 TRILAYER

The problem discussed here is similar to that consid-
ered in Ref. [33] but with three layers instead of two. We
consider an elastic trilayer excited by a piezoelectric trans-
ducer at the boundary of one of the layers and seek for
strain everywhere in the trilayer as a function of time and
coordinate x (see Fig. 1 for geometry). The action of the
transducer attached to the F'1 layer is modeled by setting a
boundary condition u; = u"™*e~*" at x = —t (i = x for
longitudinal wave and i =z for transverse one), where
u is the elastic displacement, »"®* is the initial displace-
ment amplitude, and ¢ is the time (zg; is the thickness of
the F'1 layer). The ansatz of plane waves is used for the
mechanical displacement in the layers F'1, N and F2:

ufl (x’ t) — AFlei(kplewt) + BFlefi(kFl)H“wl);

u;\/'(x’ t) — ANei(kNxfa)l‘) 4 BNefi(kN)H*a)l‘);

w2 (, 1) = Appe e,

(AD)

where A1, Br1, AN, By, Ar> are the (undetermined) con-
stants and kg1, ky, kpy are the wave numbers in the respec-
tive layers. We note that all of the mentioned quantities
are, in the general case, complex, which simplifies the
mathematical work and allows for an easy account of elas-
tic damping by explicitly specifying the imaginary part of
the wave number in the desired layer. The developed for-
malism works for both longitudinal and transverse elastic
waves with the right choice of the elastic constants and the
formula connecting the elastic displacement and strain.
The five unknown constants in Eq. (Al) require five
equations to be determined. These equations come from
five boundary conditions: the continuity of mechanical dis-
placement and stress atx = 0, the continuity of mechanical
displacement and stress at x = 7y and the already men-
tioned action of the transducer at x = —tp;. The F2 layer

034070-10



ACOUSTICALLY EXCITED MAGNETIC DYNAMICS...

PHYS. REV. APPLIED 17, 034070 (2022)

is assumed either infinite or having a strong elastic damp-
ing, so we consider only elastic waves propagating away
from the transducer and neglect the reflections from the
F2 free boundary. The resulting system of equations takes
the form:
AF1F1_+BF1F1+ = Umax,
Ap1 + Brpy = Ay + By;
C;l,kFl [AFI — Bpl] = CglakN [AN - BN];
AyNT+ByN~ = ApF5;
A kn[ANNT=ByN ™| = ci2kpaAmFy,

(A2)

where
F1+ — eHfF1tr Fl—ze—ikFlfFl
b b
+ _ iknty AT — ikt
NT = WiN N—=e NIN
F2+ — pikratn
1 F2 R
and &'l N and cf?2 are the elastic stiffnesses of the layers

F1, N, and F2, where @ = 1 corresponds to the longitu-
dinal elastic wave and o = 4 to the transverse one. By
solving the system, Eq. (A2), one can find all five unknown
constants, and by substituting them back to Eq. (A1) obtain
the sought relations for the elastic displacement in all three
layers of the trilayer. The relations for strain follow imme-
diately by differentiating the displacement with respect
to x: (X, 1) = duy (x,8)/0x; e (x,t) = (1/2)0u,(x,t)/0x
(we do not write explicit formulas for strain here because
they are quite cumbersome). Note that the difference of 1/2
is also present in the formulas connecting the initial strain
and displacement: '™ = 7% /kpy; ul™ = 260 [kpy.
Once the elastic strain €,;(x, ) is known everywhere in
the trilayer, we can analyze its dependence on the thick-
nesses of the comprising layers. In our previous work [33]
we discovered that the strain amplitude at the interface
between F' and N layers in a bilayer is maximized when
tr = nip/2 or when tp = Ap/4 4+ nir/2 depending on a
single parameter Z, = \/c¥, pn/(ck, pr) being greater or
smaller than unity (where pr and py are the densities of
the F" and N layers, respectively, and Ay is the wavelength
in F'). In our case there are three layers instead of two, and
the conditions that maximize the strain amplitude at the
F1/N and F2/N interfaces may, in general case, differ and
depend both on ¢ and ¢y (remember that 7z, will not enter
the expression because we disregard the waves reflected
from the free boundary of the F2 layer). The calculations
show that it is indeed the case; however, certain simple
results can be obtained under the assumption of small elas-
tic damping in the layers (Lgec g A, Lgec and A being the
decay length and the wavelength in the F'1, N, or F2 layer).
First, the same parameter Z,, defined in the case of a trilayer

as Zy = /e, pn/(cEL pry) plays a significant role. When

Z, < 1 (transverse waves in our setup), the strain ampli-
tude at F'1/N interface is independent on ¢y and very close
to its maximum at {z; = Ap;/4 + nip;/2, and the strain
amplitude at F2/N attains its maximum at tp; = Ap /4 +
nip1/2. Therefore, the choice of tp; = Ap1/4 + nAp1/2
seems reasonable for Z, < 1. When Z, > 1, which cor-
responds to the case of longitudinal elastic waves in our
trilayer, the maximal strain amplitude at both interfaces
can be expected at tp; = nAp1/2 (Ap; is the wavelength
in the F'1 layer). Once #r; is fixed, the positions of the
maxima of strain amplitude at both interfaces versus spacer
thickness 7y can be calculated using the formula

A A
= [arg;Q) +2- «/&]TN +n
N kn + B2 kpy (A3)

N _ AF2 :
CaakN CaakFZ

0=

It should be noted that the predicted maximization of
dynamic strains results from the optimal constructive inter-
ference of the injected wave with the waves reflected from
the F'1/N and N/F2 boundaries. However, if the elas-
tic damping in any of the layers is strong (Lgec < 1), the
global maxima of the strain amplitudes at F'1/N and F2/N
interfaces may be attained at different values of #z; and #y
than discussed above. In that case the corresponding values
should be determined using the full expression for strain
derived by solving the system, Eq. (A2), for a particular set
of material parameters of the layers including their elastic
damping.
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