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Spin-orbit torque control of spin waves in a ferromagnetic waveguide
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Spin-orbit torque (SOT) created by a spin current injected into a ferromagnet by an adjacent heavy metal
or topological insulator represents an efficient tool for the excitation and manipulation of spin waves. Here
we report the micromagnetic simulations describing the influence of SOT on the propagation of spin waves in
the W/CoFeB/MgO nanostructure having voltage-controlled magnetic anisotropy (VCMA). The simulations
show that two spin waves traveling in the opposite directions can be generated in the center of the CoFeB
waveguide via the modulation of VCMA induced by a microwave voltage locally applied to the MgO nanolayer.
The amplitudes of these waves exponentially decrease with the propagation distance with similar decay lengths
of about 2.5 um. In the presence of a direct electric current injected into the W film beneath the waveguide
center, the decay lengths of two spin waves change in the opposite way owing to different directions of the
electric currents flowing in the underlying halves of the W layer. Remarkably, above the critical current density
Jw ~ 2 x 10" Am~2, SOT provides the amplification of the spin wave propagating in one half of the waveguide
and strongly accelerates the attenuation of the wave traveling in the other half. As a result, a long-distance
spin-wave propagation takes place in half of the CoFeB waveguide only. Furthermore, by reversing the polarity
of the dc voltage applied to the heavy-metal layer one can change the propagation region and switch the travel
direction of the spin wave in the ferromagnetic waveguide. Thus, the W/CoFeB/MgO nanostructure can be
employed as an electrically controlled magnonic device converting the electrical input signal into a spin signal,

which can be transmitted to one of two outputs of the device.
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I. INTRODUCTION

Generation and propagation of spin waves in mag-
netic nanostructures currently attract great attention because
such waves can be employed for the development of
energy-efficient nanodevices for information transmission
and processing [1-3]. The traditional technique of spin-
wave excitation uses a microwave magnetic field created
by a microstrip antenna [4-6], but it suffers from relatively
low conversion efficiency. During the last decade, advanced
excitation techniques have been proposed and developed,
which utilize spin-polarized electric currents exerting spin-
transfer torque on the magnetization [7-9], voltage-controlled
magnetic anisotropy (VCMA) in ferromagnet-dielectric het-
erostructures [10], and spin-orbit torque (SOT) generated by a
spin current injected into a ferromagnetic film by an adjacent
heavy metal [11,12]. The approaches based on SOT are espe-
cially promising, because they enable not only the excitation
of spin waves but also a strong increase in their propagation
length [13—17]. Such an increase results from partial compen-
sation of magnetic damping by SOT, which is created at the
ferromagnet boundary by an electric current flowing in the
heavy metal or topological insulator with a strong spin-orbit
interaction via the spin Hall effect [18].

The functioning of magnonic devices also requires
efficient control and manipulation of propagating spin waves

x . -
pertsev.domain @mail.ioffe.ru

2469-9950/2021/104(13)/134422(8)

134422-1

[19]. In a spin-wave (magnon) transistor, the flow of spin
waves from source to drain is modulated by spin waves
injected from the gate [20,21]. A spin-wave multiplexer or
demultiplexer operates by guiding spin waves into one arm
of Y- or T-shaped structures with the aid of magnetic fields
[22-24]. The dipolar interaction between the two laterally
adjacent spin-wave waveguides makes it possible to develop
a reconfigurable nanoscale spin-wave directional coupler,
which can function as a multiplexer, tunable power splitter,
or frequency separator [25]. Since SOT can strongly affect
the damping of spin waves [26], it could be useful for their
control and modulation as well.

In this work, we propose a spin-wave switch controlled
by SOT created by a direct electric current flowing in a
heavy-metal layer adjacent to a ferromagnetic waveguide. In
such a device, two spin waves are excited at the center of
the waveguide, which propagate in opposite directions and
have similar decay lengths in the absence of SOT. In contrast,
when sufficient nonuniform SOT is created by an electric
current injected into the heavy-metal layer near the waveguide
center, the propagation length of one of these waves strongly
increases, whereas the other wave experiences a fast decay.
We validate our proposal by micromagnetic simulations per-
formed for the W/CoFeB/MgO heterostructure, where spin
waves are generated electrically by an oscillating VCMA as-
sociated with the CoFeB|MgO interface (Fig. 1). It is shown
that the critical current density providing complete compen-
sation of linear magnetic damping for one of the generated
spin waves amounts to 2 x 10'© Am~2 only. At this density,
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FIG. 1. Schematic representation of W/CoFeB/MgO het-
erostructure subjected to a microwave voltage V,. locally applied to
the MgO nanolayer. The magnetization M is inclined with respect to
the CoFeB surfaces owing to the perpendicular anisotropy associated
with the CoFeB|MgO interface and the in-plane magnetic field H.
The microwave voltage excites two spin waves in the CoFeB waveg-
uide, which propagate in the opposite directions from the excitation
area. The direct electric current /g, injected into the W film changes
the propagation lengths of these waves in the opposite way due to
different directions of the charge flow in two halves of the W layer.

the current-induced SOT reduces the decay length of the spin
wave propagating in the other half of the waveguide from 2.5
to 1.2 um.

II. MODELING OF ELECTRICAL EXCITATION
AND CONTROL OF SPIN WAVES

To determine the dynamics of the magnetization M(r, ¢)
in the ferromagnetic layer modeled by an ensemble of
nanoscale computational cells, we numerically solve the mod-
ified Landau-Lifshitz-Gilbert equation, which in the presence
of SOT takes the form [27]

dm Ho + m
—_— = — m X mx —
dr Y o eff T O a1

+ TpLS X M+ TpLm X (S X m), (nH

where m = M/M; is the unit vector parallel to the magnetiza-
tion of the cell, M, is the saturation magnetization regarded
as a constant quantity at a given temperature, Heg is the
effective field acting on the magnetization, s is the unit vector
parallel to the spins flowing from the heavy-metal layer into
the ferromagnetic film, y is the gyromagnetic ratio, pg is
the magnetic permeability of free space, @ = gy + S« is the
effective Gilbert damping parameter [28], and tg and tpp
stand for the coefficients of fieldlike and dampinglike SOTs.
The effective field Her in our case is defined by the relation
Heff =H+ Hex + Hdip + Han + HPMA + HDMIv where H is
the external magnetic field, He, and Hg;, are the contribu-
tions resulting from the exchange and dipolar interactions
between spins in CoFeB, H,, accounts for the influence of
the bulklike cubic anisotropy of CoFeB, while Hpya and
Hpyg are the effective fields caused by the perpendicular
magnetic anisotropy (PMA) associated with the CoFeB|MgO
interface and the interfacial Dzyaloshinskii-Moriya interac-
tion (DMI) at the W|CoFeB contact, respectively. Since we
consider ultrathin CoFeB films that can be modeled using
only one computational cell in the thickness direction z, the
interfacial contributions Hpya and Hpya are taken to be
inversely proportional to the CoFeB thickness #z. The field

H.x was evaluated via the summation of the exchange in-
teractions of the considered inner cell with its four nearest
neighbors in the film plane using the exchange constant Aex
introduced in the continuum approximation [29]. The dipolar
field Hy;p acting on each cell was found by summing the mag-
netic fields created by all other cells modeled by uniformly
magnetized rectangular prisms [30]. The anisotropy field
H,, = —(uoM,)"'9F,,/dm was determined via the differen-
tiation of the fourth-order terms K (mim} 4+ mimZ + mim?)
in the expansion of the energy F,,(m) of magnetocrystalline
anisotropy because sixth-order terms are negligible in the case
of CoFeB [31]. As the PMA caused by the CoFeB|MgO
interface linearly depends on the electric field E, in the
MgO layer [32], the field Hpya can be written as HZP MA —
—2(poMitg) " (KO + kyE,)m,, where K° = K (E, = 0), and
ks = 0K, /0E, is the electric-field sensitivity of K [33]. Fi-
nally, the DMI contribution to Heg was evaluated using the
discretized version of the relation [34-37]

D am om om om,,
H = — _ze _ze. = - e |,
DMI MoMle|: 0x x+ ay Y < ox + ay ¢
2

where D denotes the strength of interfacial DMI, and e; (i =
X, y, z) are the unit vectors parallel to the coordinate axes x, y,
and z. For the computational cells adjacent to the waveguide
lateral free surface I', the fields H., and Hpy were calculated
using the boundary conditions [36]

om, D om, D omy om,
= — My, — :—my, _— = —
ox | 2A« 0y | 2A« ox |p ay |r
D omy, a
=5 —m, | =22 =0 3)
2Aex ay |p 0x |p

For example, when a cell n lacks a neighboring cell n =1 in
the direction £y, the magnetization m,; of this imaginary

cell was defined as m,.+; = m, + %—T|Fl),, where [, is the cell
size along the y axis. Since the magnetization was assumed
uniform in the thickness direction z and the effective field
H.s contained contributions resulting from PMA and DMI,
there was no need in boundary conditions at the W|CoFeB
and CoFeB|MgO interfaces.

The fieldlike and dampinglike SOTs involved in
Eq. (1) were calculated via the relations Tr (pL) =
yhi(2eMitr) ™ &r o)l /x|, Where 7 is the reduced Planck
constant, e is the elementary positive charge, J, is the in-plane
component of the electric current density Jw in the W layer,
and &g and &pp are the coefficients depending on various
parameters, such as the spin Hall angle of W, thickness fw
of the W layer, spin-mixing conductance of the W|CoFeB
interface, and temperature [38]. In our numerical calculations,
we used the coefficients &g, = —0.0528 and &p, = —0.267
experimentally measured for the CoFeB/W bilayer with
tw = 5 nm at room temperature [39]. However, the effect of
nonzero fieldlike SOT was found to be negligible. We also
assumed that the direct electric current flows entirely in the
W layer, which is justified by a much higher conductivity of
W (1.8 x 107 Sm~! [40]) in comparison with that of CoFeB
(4.4 x 10° Sm~"' [41]). It should be noted that the electric
current injected into the W layer near its center x = x, (see
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Fig. 1) has a position-dependent direction and density. Since
this feature complicates the simulations without influencing
the spin-wave propagation along the waveguide, we took into
account only the in-plane component J, of the current density
Jw in the W layer and approximated its distribution as
fae atx <x.—d/2
2Wgtw
Oatx. —d/2 <x<x.+d/2 , @)

dc

Y. atx > x.+d/2

where wrp is the waveguide width, while d is the injector
width, which was assumed to be 400 nm. Below we will use
the notation Jw = J;(x > x. +d/2).

The numerical integration of Eq. (1) was performed us-
ing the Runge-Kutta projective algorithm with time step
6t = 10 fs, which was found to be small enough to ob-
tain a stable solution for the magnetization dynamics. We
considered the CoFeB waveguide with the thickness tr =
1.7 nm, width wg = 40 nm, and length Lr = 6 um and di-
vided it into a two-dimensional grid of computational cells
with the dimensions /, =5 nm, [, =4 nm, and [, = 1.7 nm.
An in-plane external magnetic field with the strength H, =
750 Oe was introduced in the simulations, while additional
Oersted fields created by the electric currents flowing in
the heterostructure were neglected, because the calculations
showed that they do not exceed 5% of H, even at the cur-
rent density of 5 x 10'® Am~2. Note that since s x H=0
no transverse relaxation of spin accumulation occurs in W.
The following values of the involved material parameters
were employed in the numerical calculations: M; = 1.13 x
10 Am~! [42], Ax = 19pIm~! [43], K; =5 x 10° Tm™3
[44], K0 = —13mIm 2 [31],k, =31 IV Im~! [32],D =
0.42 pJ m~! [45], and &y = 0.01 [31]. Since the magnetiza-
tion precession in the CoFeB layer leads to the spin pumping
into the adjacent W film, the damping parameter ¢ = ¢y + S
involved in Eq. (1) differs from the bulk Gilbert parameter
by the correction term o &~ %Re[gll] [28], where g; is
the Landé factor, uup is the Bohr magneton, and g!V is the
complex reflection spin-mixing conductance per unit area of
the CoFeB|W interface. Using the experimentally determined
value Re[g!¥] = 2.35 nm ™2 [46], we obtained o ~ 0.012.

III. RESULTS OF MICROMAGNETIC MODELING

First, we employed the micromagnetic simulations for the
determination of the initial magnetization orientation in the
CoFeB film. The study of the magnetization relaxation to
an equilibrium direction showed that the magnetization is
practically orthogonal to the CoFeB surfaces in the absence of
external magnetic fields. This is due to the influence of PMA,
which is stronger than that of the demagnetizing field Hg;, at
the considered small CoFeB thickness tg = 1.7 nm. Under the
external field H, = 750 Oe, the magnetization rotates towards
the film plane and becomes inhomogeneous across the waveg-
uide (Fig. 2), having an elevation angle of 49° at the center.
The revealed significant inhomogeneity of the magnetic state
is caused by the demagnetizing field Hg;p, which is rather
strong owing to the relatively small width wg = 40 nm of the
waveguide. The calculations also show that the asymmetry of
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FIG. 2. Equilibrium magnetization profile in the CoFeB waveg-
uide. The plot shows the variation of the polar angle 6 = arccos(m,)
across the waveguide width at the applied magnetic field H, = 750
Oe. The azimuthal angle ¢ = arctan(im,/m,) ~ 90° does not depend
on the coordinate y. The magnetization profile remains almost the
same along the waveguide length, changing significantly only near
its ends.

the magnetization distribution across the waveguide (Fig. 2)
is due to the interfacial DMI.

Next, we studied the electrically induced magnetic dynam-
ics in the waveguide in the absence of a direct electric current
in the W layer. It was assumed that the top electrode with
the dimensions 100 x 40 nm? deposited on the MgO layer
with the thickness #ygo = 2 nm is subjected to a microwave
voltage V,. = Vinax sin (27 ft). The voltage-induced modifica-
tion K; = KS0 + kyVac/tmgo of the PMA parameter associated
with the CoFeB|MgO interface beneath the electrode was
taken into account for the corresponding computational cells.
The calculations showed that the microwave voltage excites
a steady-state magnetization precession &m;(t) = m;(t) —
m;(t = 0) (i = x,y, z) in the waveguide section under the top
electrode. The quantities Am; = max[(6m;(t)),] characteriz-
ing the precession amplitude averaged over the waveguide
width maximize when the excitation frequency f equals fies &
1.2 GHz (see Fig. 3). At frequencies f > f..s the magneti-
zation precession has an ellipticity € ~ Am, /v Am} + AmZ,
which is about 1.4 at the voltage amplitude Vi,x = 0.2 V. It
should be noted that the applied voltage V,.(¢) creates a mi-
crowave tunnel current flowing through the MgO barrier and
the CoFeB/W bilayer. Using the experimentally determined
barrier conductance G(tmgo = 2nm) = 107 Sm~2 [47], we
find that this current has a density J,. &~ 2 x 10’ Am~2 in the
5-nm-thick W layer at Vj,,x = 0.2 V. As confirmed by addi-
tional simulations, the SOT created by such an electric current
does not significantly affect the magnetization dynamics in
CoFeB.

At the excitation frequencies below the resonance fre-
quency fres, the electrically induced magnetization precession
appears to be confined within the waveguide section under the
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FIG. 3. Amplitude of the magnetization precession at the center
of the CoFeB waveguide as a function of frequency f of the mi-
crowave voltage V,.. The plots show the maximal changes Am; of
the magnetization direction cosines m;(x = x., y) averaged over the
waveguide width. The voltage amplitude V;,.x equals 0.2 V.

top electrode. In contrast, the emission of spin waves from the
excitation area was revealed at the frequencies f > fi.s. These
waves travel in the opposite directions within two halves
of the CoFeB nanolayer. In the case of resonant excitation
(f = frs), packets of spin-wave modes with various wave
vectors propagate in the waveguide (see Fig. 4). However,
well above fis the magnetization dynamics takes the form
of a spin wave with a definite wave number k,(x > x.) = ky
or ky(x < x.) = k_ (Fig. 4). Therefore, further modeling was
carried out at the excitation frequency f = 1.7 GHz, at which
the simulations yield k; = 21.08 rad um~' and k_ = 17.42
rad um~". Figure 5 illustrates time evolutions of the two spin
waves generated by the microwave voltage with such a fre-
quency. Interestingly, despite a significant difference between
the wave numbers k; and k_, the amplitudes of the two spin
waves decrease very similarly with the distance |x — x.| from
the waveguide center. The decay of the spin-wave ampli-
tude, which is caused by the Gilbert damping, follows the
exponential law Am,(x) = Am,(x.)exp [—|x — x.|/A+] with
a high accuracy. The decay lengths A and A_ of spin waves
with the wave numbers k, and k_ were found to be A, =
A_ ~ 2.5 um. It should be noted that the revealed difference
between k; and k_ is due to the interfacial DMI. Such a dif-
ference was earlier predicted theoretically [48] and observed
experimentally in the W /CoFeB/SiO, heterostructure [45].
The most important results were obtained when studying
the influence of the direct electric current injected into the
W layer on the propagation of spin waves in the CoFeB
waveguide. For each predetermined density Jw of this current,
we first calculated the equilibrium magnetization distribution
in the CoFeB nanolayer at V,. = 0, which enabled us to
get rid of parasitic spin waves appearing when the electric
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FIG. 4. Wave-number spectra of spin waves generated by os-
cillating VCMA at excitation frequencies fi.s = 1.2 GHz and f =
1.7 GHz. While at f = 1.7 GHz the spin waves propagating in the
waveguide have definite wave numbers, a broad packet of modes
with small wave numbers also appears at the resonant excitation.
Note that the presence of two separate peaks at k; and k_ is due
to nonreciprocal spin wave propagation caused by interfacial DMI.

current is turned on. The simulations showed that the SOT
induced by the direct current has a negligible effect on the
equilibrium state of CoFeB in the studied range Jw < 5 X
10' A m~2. Then we modeled the excitation of spin waves by
the microwave voltage V,. modulating VCMA in the presence
of SOT created by the electric current in the W layer. It
was found that SOT does not significantly change the wave

my
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FIG. 5. Time evolution of spin waves generated in the center
of the CoFeB waveguide. Color diagrams show distributions of the
magnetization direction cosine m,(x, y) in the waveguide at different
moments of time. Dashed lines mark the boundaries of the excitation
area, where the ac voltage with the frequency f = 1.7 GHz and
amplitude V;,,x = 0.2 V is applied to the MgO nanolayer.
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FIG. 6. Variations of inverse decay lengths 1/1, and 1/A_ of
spin waves propagating in the CoFeB waveguide with the density
Jw of direct electric current flowing in the W film. Points show the
inverse decay lengths extracted from the simulation data, and lines
represent linear fits of the results obtained for the waves with the
wave vectors k. and k_ traveling at x > x. and x < x,, respectively.

numbers k. and k_ of the generated spin waves. At small cur-
rent densities Jw, the amplitudes of these waves still decrease
exponentially with the increasing distance |x — x.| from the
waveguide center. However, their decay lengths A, and A_
change under the action of SOT in the opposite way owing
to different directions of the electric currents flowing in the
underlying halves of the W layer (Fig. 1), which affect the
vector s in Eq. (1). Namely, the spin wave decays faster when
the quantity tpr, [/ dt[(m - Hegr)(m - 5) — s - Heg] is pos-
itive and slower when it is negative. The simulation data show
that the inverse decay lengths 1/A; and 1/A_ vary linearly
with the current density Jw (see Fig. 6).

Remarkably, 1/A4 and 1/A_ go to zero at JVJ{, ~ =2 x
10" Am~—2 and Jy A2 x 1019 Am~—2, respectively. Hence,
the spin wave with the wave vector k* (k™) travels with
a constant amplitude at the critical current density Jy, (Jyy)
because the effective Gilbert damping is fully compensated by
SOT. At overcritical current densities Jw < Jv+v or Jw > Jo,
the amplitude of such a spin wave exponentially increases
with the distance from the excitation area, which manifests
itself in negative values of the decay lengths seen in Fig. 6.

Since SOT simultaneously reduces the positive decay
length of another spin wave that travels in the opposite direc-
tion, by passing sufficient direct current through the W layer it
becomes possible to realize a long-distance spin-wave propa-
gation in one half of the CoFeB waveguide only. Moreover, by
reversing the polarity of the dc voltage applied to the W layer
one can change the propagation region and switch the travel
direction of the spin wave in the CoFeB waveguide. To quan-
tify the described effect, we determined the ratio Am; /Am}
of the precession amplitudes in the spin waves with the wave
numbers k_ and k; at the same distance |x — x.| from the
waveguide center. Variations of this ratio with the distance

100¢
Jw=4x101"Am2

(o)
o

t =

5 Jw=3x 10" Am-
§

5 10

S 5

T

o

1, 1
0.0 05 10 15 20 25 3.0
Distance |x—x.| (um)

FIG. 7. Ratio Am_ /Am} of the precession amplitudes in the
spin waves with the wave numbers k_ and k. plotted as a function
of distance |x — x.| from the waveguide center. Points represent the
simulation data, which are fitted by the exponential law (lines).

|x — x| at different densities Jw > Jy, of the electric current
are presented in Fig. 7. It is seen that the ratio Am /Am;
exponentially increases with the distance from the source of
spin waves, reaching 100 at |x — x| =3 um when Jyw =
4 x 10" Am~2. Since at f = 1.7 GHz the propagation of
monochromatic spin waves with definite wave numbers takes
place in the waveguide (see Fig. 4), the ratio of the amounts
of power transmitted in the opposite directions at the distance
|x — x.| simply equals the square of the corresponding number
given in Fig. 7.

Discussing our theoretical results in the light of available
experimental data, we note that a strong effect of SOT on
the propagation of spin waves was observed in the yttrium
iron garnet (YIG) waveguide [14]. It was found that the spin-
wave decay length could be increased by nearly a factor of
10 by passing an electric current through the Pt layer ad-
jacent to the YIG film. Up to some threshold current, the
inverse decay length decreases linearly with its magnitude,
but then begins to increase instead of tending to zero [14].
The absence of the expected compensation of the magnetic
damping by SOT was attributed to the enhancement of mag-
netic fluctuations by SOT, which becomes important at large
currents [17]. In the YIG/Pt system, however, the estimated
current density providing the damping compensation is about
16 times larger than the critical density Jy ~ 2 x 10'© Am~—2
that we predict for the current flowing in the W layer of the
W /CoFeB/MgO heterostructure. Furthermore, the maximal
amplitude Am, of the magnetization precession in our simu-
lations does not exceed 0.15, and the precession ellipticity is
about 1.4 only. These values justify the validity of our simu-
lations, which neglect nonlinear magnetic damping associated
with the momentum transfer to higher harmonics arising from
thermal fluctuations [17]. Indeed, recent study of the magne-
tization dynamics in ferromagnetic disks demonstrated that
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FIG. 8. Influence of external in-plane magnetic field on the crit-
ical current density in W layer (a) and the resonant magnetization
precession in CoFeB waveguide (b). Data points indicate the absolute
value of the critical densities Ji; &~ —Jy, and the precession ampli-
tude at f.;(H,) normalized by its value at H, = 750 Oe. The inset
in panel (a) shows the magnetic-field dependence of the in-plane
component m, of the equilibrium magnetization averaged over the
waveguide width. Dashed lines mark the results obtained in the
simulations performed at H, = 750 Oe.

the nonlinear damping could be suppressed by minimizing the
precession ellipticity even at amplitudes exceeding 0.15 [49].

To clarify the optimal conditions for the SOT-induced am-
plification of spin waves in the CoFeB waveguide, we studied
the dependence of the critical current densities JVT, and Jy,
on the strength H, of the external in-plane magnetic field.
The simulations showed that the magnitude of critical den-
sities monotonically decreases with increasing field strength
[see Fig. 8(a)]. However, this decrease is accompanied by a
gradual rotation of the equilibrium magnetization direction in

the CoFeB layer towards the in-plane orientation [see inset in
Fig. 8(a)]. Owing to such a rotation, the amplitude of magne-
tization precession in the waveguide varies nonmonotonically
with increasing H,. As demonstrated by Fig. 8(b), the pre-
cession amplitude becomes maximal at H, ~ 1 kOe and
decreases drastically when the field strength exceeds 1.2 kOe.
Therefore, the applied magnetic field should not be higher
than 1.2 kOe so that the lowest acceptable magnitude of the
critical current densities amounts to about 1.6 x 10'© Am~2,
This result shows that the chosen field strength H, = 750 Oe
provides almost minimal critical current density in the W layer
in addition to almost maximal precession amplitude in the
CoFeB waveguide.

IV. CONCLUSION

In this work, we theoretically studied the electrical excita-
tion and control of spin waves in a ferromagnetic waveguide.
The study was carried out for the W/CoFeB/MgO nanostruc-
ture having PMA and DMI associated with the CoFeB|MgO
and W|CoFeB interfaces, respectively. Using micromagnetic
simulations based on the numerical solution of the modified
Landau-Lifshitz-Gilbert equation, we showed that the mod-
ulation of PMA by a microwave voltage locally applied to
the MgO layer renders it possible to generate two spin waves
propagating in the opposite directions from the center of the
CoFeB waveguide. Although owing to DMI these waves have
different wave numbers (21.08 rad um~" vs 17.42 rad um~!
at f = 1.7 GHz), they retain similar decay lengths of about
2.5 pm. It should be noted that, in contrast to the previous
theoretical works [10,50], the VCMA-driven excitation of
spin waves is not parametric in our simulations. Due to the
inclined magnetization direction in the ferromagnetic layer
(Fig. 1), the spin-wave generation takes place even at small
amplitudes of the microwave voltage unlike the parametric
excitation, which requires the voltage amplitude exceeding
some threshold value [10,50]. Furthermore, the simulations
demonstrated that the propagation lengths of spin waves in
the CoFeB layer can be changed drastically by passing a
direct electric current through the adjacent W film. Depend-
ing on the direction of the electric current and that of the
effective field Hegr, the propagation length either increases or
decreases due to the SOT acting on the magnetization. Impor-
tantly, complete compensation of the linear magnetic damping
by the SOT-induced antidamping occurs at the critical cur-
rent density Jw ~ 2 x 10'© Am~2, at which the nonlinear
damping is expected to be negligible. This remarkable feature
of the W/CoFeB/MgO heterostructure opens the possibility
of efficient electrical control of the spin-wave propagation
in the CoFeB layer. Hence, this nanostructure represents a
promising waveguide, in which the amplification and long-
range propagation of spin waves could be achieved in practice.

If the electric current is locally injected into the heavy-
metal layer near the waveguide center, the charge flow has
opposite directions in the two halves of this layer (Fig. 1).
Therefore, the spin waves traveling in the adjacent halves
of the waveguide experience the action of SOTs having
opposite directions. Because of such SOT inhomogeneity,
it becomes possible to strongly increase the propagation
length of one of these waves, while simultaneously creating
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a fast decay of the other wave. The simulations show that
the ratio of the amplitudes of magnetization precession at the
two ends of the 6-um-long CoFeB waveguide reaches 100
at the current density Jw = 4 x 10'® A m~2. Hence, a signif-
icant spin-wave signal can be sent to one of the waveguide
ends only. Moreover, the signal transmission can be switched
to the other end by changing the polarity of the dc voltage

applied to the heavy-metal layer. Thus, the studied nanos-
tructure W/CoFeB /MgO represents an electrically controlled
magnonic device that converts the electrical input signal into
a spin signal, which can be transmitted to one of two outputs.
Since such a device does not employ oscillating magnetic
fields, it may have relatively low power consumption, which
should facilitate its applications in magnonics.
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