Chapter 8 ®)
Microwave-Driven Dynamics of oo
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Translational Motions, and Spin-Motive

Forces
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Abstract Magnetic skyrmions, particle-like magnetic textures characterized by a
quantized topological invariant in magnets with broken spatial inversion symme-
try, are currently attracting enormous research interest in the field of spintronics.
Recent intensive studies have uncovered that magnetic skyrmions exhibit rich physi-
cal phenomena and device functions originating from their topological nature. In
this chapter, we discuss microwave-induced dynamical phenomena of magnetic
skyrmions associated with their peculiar spin-wave modes. In particular, we focus
on a situation that the magnetic skyrmions are confined in a quasi-two-dimensional
thin-plate magnet under application of a static magnetic field tilted from the perpen-
dicular direction. It is theoretically demonstrated that the spin-wave excitations of
these magnetic skyrmions by microwave irradiation give rise to translational motion
of the skyrmions and generation of the DC electric voltages. These phenomena
indicate that rich physics and functionalities are hidden in the microwave-driven
skyrmion dynamics under a tilted magnetic field.

8.1 Introduction

Magnetic skyrmions, topological magnetic entities carrying a quantized topological
invariant in magnets without spatial inversion symmetry, are currently attracting a
great deal of research interest [1-7]. In the early 1960s, an English theoretical physi-
cist, Tony Hilton Royle Skyrme, proposed a theoretical concept of Skyrmion as a
soliton solution of the nonlinear sigma model to account for the stability of hadron
in the nuclear physics [8, 9]. This originally proposed skyrmion is a hedgehog-
like particle composed of field vectors pointing in every direction wrapping a sphere
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(a) Hedgehog-type skyrmion

P : Stereo projection
R : Rotation (z-axis)

/&1&‘?“' h\'\\ \f
N 2 \‘g
"',7{ ff'f‘r\\‘\\ ‘_>
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Fig. 8.1 a Hedgehog-type skyrmion originally proposed by Tony Skyrme in early 1960s. b Bloch-
type skyrmion with magnetizations rotating within a plane normal to the radial direction. ¢ Neel-type
skyrmion with magnetizations rotating within a plane parallel to the radial direction. These three
types of skyrmions are mutually related via a stereo projection and a rotation with respect to the z
axis

(Fig. 8.1a). About 30 years later, Bogdanov and his coworkers theoretically predicted
realization of these conceptual objects in magnets as textures of magnetizations [10,
11]. They proposed that the magnetic skyrmions can emerge in magnets with spatial
inversion asymmetry as vortex-like (Fig. 8.1b) or fountain-like (Fig. 8.1c) magnetic
textures. These magnetic textures can be reproduced by a stereo projection of the
original hedgehog-type skyrmion onto a two-dimensional plane. This theoretical pre-
diction was indeed confirmed by experimental discoveries of magnetic skyrmions
in B20-type alloys [12-14]. In 2009, a small-angle neutron scattering experiment
reported a discovery of skyrmion crystals in which numerous magnetic skyrmions
are crystallized into a hexagonal form in a chiral-lattice magnet MnSi [12]. In 2010,
a Lorentz transmission electron microscopy reported an observation of real-space
images of skyrmion crystals in Fe,_,Co,Si [13]. This experiment also revealed that
magnetic skyrmions emerge not only as the crystallized form but also as isolated
defects in the ferromagnetic phase. Subsequently, the magnetic skyrmions have
been discovered in various magnetic systems such as other chiral-lattice magnets
(FeGe [14], Cu,0SeOs3 [15], and Mn-type Co-Mn-Zn alloys [16]), polar magnets
(GaV4Sg [17], GaV4Ses [18, 19], Mn 4Pty 9Pdy 1 Sn [20], VOSe,Os [21]), and mag-
netic heterostructures [3, 22-24].
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All the above-mentioned magnets and magnetic systems have structures with
broken spatial inversion symmetry. Consequently, the Dzyaloshinskii-Moriya inter-
action becomes active, which favors rotating alignment of magnetizations with a
pitch angle of 90° [25, 26]. This interaction strongly competes with the ferromag-
netic exchange interaction, which favors parallel alignment of magnetizations. The
keen competition between these two interactions results in the formation of helical
magnetic order with a moderate pitch angle. When an external magnetic field is
applied to this helical magnetic state, a skyrmion crystal appears on a plane normal
to the applied magnetic field. In each skyrmion constituting the skyrmion crystal,
the magnetizations at periphery are oriented along the external magnetic field so as
to maximize an energy gain of the Zeeman interaction. The magnetizations gradu-
ally rotate when we move from the periphery to the center along the radial direction.
Eventually, the magnetizations are oriented antiparallel to the external magnetic field
at the center. In bulk magnets, these two-dimensional skyrmions are stacked along
the three-dimensional direction to form tubular structures. It should also be men-
tioned that the magnetic skyrmions can be classified into several types according to
the way of the magnetization rotation. Skyrmions in which the magnetizations rotate
within planes perpendicular (parallel) to the radial direction are called Bloch type
(Neel type). The three types of skyrmions, i.e., the hedgehog-type, the Bloch-type,
and the Neel-type, are mutually related via the rotational operation with respect to
the z axis and the stereo projection (see Fig.8.1).

Skyrmions are characterized by a quantized topological invariant, which repre-
sents a sum of the solid angles spanned by three neighboring normalized magneti-
zation vectors m(r),

om om

/ dxdy (—x —)-m=4nQ (Q = =+£1). (8.1)
uc 0x 8_)1

Here the integration is taken over the area of the unit cell (UC). Because the magne-
tization vectors constituting a skyrmion point in every direction wrapping a sphere,
the sum of the solid angles is identical to the surface area of a unit sphere (F47).
Consequently, the quantity Q, which is called the topological charge or the skyrmion
number, becomes +1 or —1. The sign is positive (negative) when the magnetization
at the core points upward (downward). This number does not change upon con-
tinuous variation of the magnetization alignment. Because the value of Q is zero
for ferromagnetic and spiral magnetic orders, magnetic skyrmions belong to a dif-
ferent topological class from these magnetic structures. This means that magnetic
skyrmions cannot be created or erased in a uniform ferromagnetic state by continuous
variation of the magnetization alignment. Instead, a local flop of the magnetization
is needed to create and erase them, which necessarily requires a large cost of energy,
magnitude of which is comparable to the energy scale of the ferromagnetic exchange
interaction. The topological protection by this large energy barrier makes magnetic
skyrmions robust against external assitations and perturbations.

This significant stability is one of the advantageous properties of magnetic
skyrmions for spintronics application to ubiquitous magnetic devices in the coming
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IoT era. Future electronic devices sustaining the [oT society such as sensor, logic, and
storage devices are demanded to keep working normally with a little energy supply
in harsh environments such as weather-beaten places, extremely hot or cold areas,
places suffered from continuous mechanical shocks and vibrations, and outer spaces
exposed by cosmic rays. Therefore, the devices should have the resistance against
thermal assitations, the durability against radioactive rays, and the sustainability with
conserved electric power. From this viewpoint, the magnetic skyrmions have high
potentials as building blocks of the next-generation magnetic devices because they
have not only the topologically protected stability but also the nanoscale ultrasmall
size and the operability with ultralow energy consumption.

Aiming at the technical applications, magnetic skyrmions have attracted a great
deal of interest recently as a target of the spintronics research, and several intriguing
phenomena and useful devices functions have been discovered or proposed succes-
sively. In particular, the dynamical magnetoelectric phenomena and the microwave
devices functions associated with their peculiar microwave-active spin-wave modes
[27] are important examples [6, 7]. In this chapter, we discuss recent theoretical
studys on the microwave-induced physical phenomena and device functions of mag-
netic skyrmions by particularly focusing on theoretical proposals of the microwave-
driven translational motion [28—30] and the efficient conversion of microwaves to DC
electric voltages [31] expected in the spin-wave excitations of magnetic skyrmions
in a quasi-two-dimensional magnet under a tilted external magnetic field.

8.2 Spin Model of the Skyrmion-Hosting Magnets

In this chapter, we deal with magnetic skyrmions confined in a quasi-two-dimensional
thin-plate magnet with broken spatial inversion symmetry. The simplest spin model
for such quasi-two-dimensional skyrmion-hosting magnets is given in a continuum
form as [32],

%:f dr i(Vm)2+2m-(va)—iH-m (8.2)
2a a? a3

By dividing the continuum space into cubic cells, the above continuum model is
reduced to a classical Heisenberg model on a square lattice as [33],

Ho=—J ) mi-mip—p Dy-(mixmip) = He- ) mi. (83)
[N N3 i

Here m; represents a normalized magnetization vector on the i th lattice site. The first
term represents the ferromagnetic exchange interaction, whereas the second term rep-
resents the Dzyaloshinskii-Moriya interaction. The third term depicts the Zeeman
coupling associated with an external magnetic field H . Types of the skyrmions are
determined by the structure of the Moriya vectors D,, (i = x, y). The Bloch-type
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Fig. 8.2 a Theoretical phase diagram of the spin model in (8.3) on a square lattice as a function
of the magnetic-field strength H, when H¢x = (0, 0, H.) is applied normal to the plane. Here the
strength of the DM interaction is set to be D/J = 0.27. b Thin-plate specimen of chiral-lattice
magnet hosting a skyrmion crystal under a magnetic field Hex = (H; tan 6, 0, H;) with a tilting
angle of 6. ¢, d Skyrmion crystal under a perpendicular [tilted] Hey field with 8 = 0° [0 = 30°]. e,
f Magnetization configurations of Bloch-type and the Neel-type skyrmions under a perpendicular
[tilted] H ¢ field (Reproduced from [29].)

skyrmions are produced by D, = (D, 0, 0) and D, = (0, D, 0), whereas the Neel-
type skyrmions are produced by D, = (0, D, 0) and D, = (—D, 0, 0). Figure 8.2a
shows a theoretical phase diagram of this spin model for D/J = 0.27 at T =0 as
a function of the magnetic-field strength H, when H = (0, 0, H,) is applied per-
pendicular to the two-dimensional plane. This phase diagram exhibits the skyrmion-
crystal phase in a region of moderate field strength sandwiched by the helical phase
and the field-polarized ferromagnetic phase.

The lattice spacing of skyrmion crystal, i.e., the distance between cores of neigh-
boring skyrmions in the skyrmion crystal is determined by competition between
the Dzyaloshinskii-Moriya interaction and the ferromagnetic exchange interaction,
which favor rotating and parallel magnetization alignments, respectively. A stronger
Dzyaloshinskii-Moriya interaction causes more rapid rotation of the magnetizations,
which results in a smaller skyrmion size. Because ¢ ~ D/ (v/2J) holds for the



188 M. Mochizuki

Table 8.1 Unit conversion table when J = 1 meV

Dimensionless quantity Corresponding value with units
Exchange int. J=1 J = 1meV
Magnetic field H=1 J/gup = 8.64T
Time t=1 h/J = 0.66 ps
Frequency f = w/2m w=1 J/h =241GHz

magnetization rotation angle ¢, the spatial period in the skyrmion crystal becomes
Am ~ 2ma/¢ when H., = 0 where a is the lattice constant. Even when H  is finite,
this spatial period does not change so much although the magnetization rotation is
no longer uniform. Therefore, the ratio D/J = 0.27 gives A, ~ 18 nm if we assume
a typical lattice constant of a = 0.5nm, which corresponds to the experimentally
observed skyrmion size in MnSi [12, 34]. When J = 1 meV is the energy units, the
dimensionless field strength H, = 1 corresponds to ~8.64 T. Therefore, the threshold
magnetic fields of H;; = 0.0168 and H.; = 0.0567 in the theoretical phase diagram
of Fig.8.2a correspond to 0.145T and 0.49T, respectively. These values again coin-
cide well with the experimentally observed threshold magnetic fields of ~0.15T and
~0.45T for MnSi at low temperatures [34]. The unit conversions when J = 1 meV
are summarized in Table 8.1.

We examine the cases in which the H, field is tilted from the normal direction
(]|z) of the quasi-two-dimensional system towards the x direction. The magnetic field
is given in the form,

Hex = (H)r? 01 HZ)’ (8'4)

with H, = H, tan 6, where the angle 6 describes to what extent the H  field is tilted
towards the x direction (Fig. 8.2b). In bulk materials, the magnetic skyrmions usually
appear on a plane normal to the H field and have a circularly symmetric shape.
This circular symmetry is kept even when a direction of the H¢ field is changed
because the stacked magnetic skyrmions can change their tubular orientations to keep
the skyrmion plane normal to the H¢ field in the three-dimensional systems so as
to maximize the energy gain of the Zeeman interaction. On the other hand, when
the skyrmions are confined in a system of strong two-dimensionality, the situation
is no longer the same. Although the skyrmions have a circularly symmetric shape
when the H ¢ field applied perpendicular to the two-dimensional plane (Fig.8.2c,
e), they become to have a disproportionate weight in the magnetization distribution
and lose their circular symmetry when the H field is tilted (Fig.8.2d, f). In fact,
these deformed skyrmions under a tilted H field turn out to exhibit intriguing
microwave-related physical phenomena and device functions.

The microwave-induced dynamics of magnetic skyrmions are investigated by
the micromagnetic simulations based on the Landau-Lifshitz—Gilbert equation. The
equation is given by,
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dm;
— —ym; x HST "r‘n—Gmi x d—”:. (8.5)

dmi
dt

The first term of the right-hand side is the gyrotropic term where y = gug/h is the
gyromagnetic ratio. This term describes the precessional motion of magnetizations
m; around the effective local magnetic field H™. The second term is the Gilbert-
damping term introduced phenomenologically to depicts the dissipation of gyration
energy. The effective magnetic field H ?ff, which acts on the local magnetization m;,
is calculated from the Hamiltonian H = Hy + H'(¢) as,

HeT 1 oH

= 8.6
! yhom; 86)

where Hj is the model Hamiltonian given by (8.3). Here an additional term of the
Hamiltonian H’(¢) is introduced, which describes the dynamical coupling between
the skyrmion magnetizations and a time-dependent magnetic field or a microwave
magnetic field in the form,

H'(t)=—H() - Zm (8.7)

The initial magnetic configuration of a skyrmion crystal is prepared by the Monte-
Carlo thermalization at low temperatures and by further relaxing it in the micro-
magnetic simulation without applying a microwave magnetic field. The microwave-
induced dynamics are simulated by applying a microwave field to thus obtained
sufficiently converged skyrmion-crystal configuration.

8.3 Microwave-Active Spin-Wave Modes

A skyrmion crystal confined in a quasi-two-dimensional magnet exhibits character-
istic microwave-active spin-wave modes (Fig.8.3a—c) [27]. An in-plane polarized
microwave magnetic field H®||x, y activates a pair of rotation modes, in which all
the skyrmions constituting the skyrmion crystal uniformly circulate in counterclock-
wise and clockwise ways. The counterclockwise rotation mode has a lower resonance
frequency and a larger intensity than the clockwise rotation mode. On the other hand,
an out-of-plane polarized microwave magnetic field H®||z activates the breathing
mode in which all the skyrmions in the skyrmion crystal uniformly expand and shrink
in an oscillatory manner. Then how are these spin-wave modes modulated when the
H  field is tilted from the perpendicular direction?

The spin-wave modes and their resonance frequencies can be identified by calcu-
lating the dynamical magnetic susceptibility,



190 M. Mochizuki

(@
Rotation mode
(CCw)
Helx,y
®»=0.055

(b)

Rotation mode
(CW)
H®llxy
®©=0.092

(c)
Breathing mode
H®||z
®»=0.062

(d) ! Rotation ! (e) %
(CCW)
Y |

Breathing

Rotati
Eit J
0=0°

4
A

Breathi
re;t 9 Rotation
i (CCVVV) Rotation

(CW)
v

Microwave Absorption (arb. units)

0 . DAY
| | |

0.02 0.06 0.10.02 0.06 0.1
(O] (O]

Fig. 8.3 a—c Simulated snapshots of the three spin-wave modes of a skyrmion crystal confined
in a quasi-two-dimensional thin-plate magnet under a perpendicular H ¢ field. Here one skyrmion
in the skyrmion crystal is focused on because all the skyrmions oscillate uniformly in each mode.
The two rotation modes with counterclockwise (CCW) and clockwise (CW) rotation senses are
active to an in-plane microwave magnetic field H*||x, y, whereas the breathing mode is active
to an out-of-plane microwave magnetic field H*||z. d Calculated microwave absorption spectra
under perpendicular (¢ = 0°) and tilted (6 = 30°) H ¢ fields as functions of the microwave angular
frequency w for the in-plane microwave field H®||x, y. e Those for the out-of-plane microwave field
H®|z. Here the simulations are performed for J =1, D/J = 0.27, H, = 0.036, H® = 0.0018,
and ag = 0.02 (Reproduced from [29].)
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AM ()

=X,¥,2), 8.8
A (n=x,5,2) (8.8)

Xp.(w) =

where H,(w) and AM,, (w) are the Fourier transforms of the time-dependent mag-
netic field H () and the simulated time-profile of the net magnetization AM(¢) =
M(t) — M(0) with M(t) = % Z,N: ,m;(t). In the calculations, a short rectangular
pulse is used for H (#) whose component is given by,

Hpulse 0 <t=<l1

8.9
0 others 8.9)

H//.(t) = {

where t = (J/h)t is the dimensionless time with T being the real time. An advantage
of using the short pulse is that the Fourier component H, (@) becomes constant being
independent of w up to first order in wAt for a sufficiently short duration A¢ with
wAt < 1. The Fourier component is

At
Hy(0) = Hpusee' dt = Hlp—w‘ (e"% — 1) ~ Hpue AL (8.10)
0

Consequently, we obtain the relationship yx,,(w) < AM, (w). The imaginary part of
thus calculated x,, (w) corresponds to the microwave absorption spectrum. Figure 8.3d
shows the spectra for the in-plane polarized microwave field H”|x, y under per-
pendicular (6 = 0°) and tilted (6 = 30°) H, fields, whereas Fig.8.3e shows the
spectra for the out-of-plane polarized microwave field H*||z [29]. When the H o
field is perpendicular (6 = 0°), two spectral peaks appear in Fig. 8.3d originating
from the two rotation modes, whereas a single peak appears in Fig. 8.3e originating
from the breathing mode, indicating that the in-plane (out-of-plane) microwave field
can activate the rotation modes (the breathing mode) only when the Hy, field is
perpendicular. On the other hand, when the H . field is tilted (9 = 30°), three spec-
tral peaks appear in both Fig. 8.3d, e, indicating that all the three spin-wave modes
become active to both microwave polarization under the tilted H . field.

8.4 Microwave-Magnetic-Field-Driven Translational
Motion of Skyrmion Crystal

The continuous spin-wave excitation by microwave irradiation under a tilted H «x
field can induce translational motion of a skyrmion crystal [28, 29]. Figure 8.4 shows
simulated snapshots of a skyrmion crystal driven by an in-plane microwave field
H?||x (right upper panel) and the same skyrmion crystal driven by an out-of-plane
microwave field H?” ||z (right lower panel) at + = 400ns after the microwave irra-
diation commences. The figure also shows the initial configuration of the skyrmion
crystal at + = 0 (left panel) under application of the tilted magnetic field H =
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Fig. 8.4 Microwave-driven translational motion of a skyrmion crystal in a quasi-two-dimensional
system under a tilted Hey field with & = 30°. The system is irradiated by a microwave field
HYsinwt (u = x,y,z) with H7 = 0.0006. The skyrmion crystal moves approximately towards
the positive (negative) y direction when a microwave field H®|x (H“|z) with @ = 0.0494
(w = 0.0666) activates the counterclockwise rotation (breathing) mode. Displacement vectors con-
necting the original position (dashed circles) and the position after 400-ns duration (solid circles)
are indicated by the thick arrows in the right panels. The simulations are performed for J =1,
D/J =0.27, H, = 0.036, and og = 0.04 (Reproduced from [29].)

(H;tan 9,0, H;) with H, = 0.036 and 6 = 30°. Here, the microwave field is given
by Hy sinwt (u = x, y, z) with H? = 0.0006. The displacement vectors connect-
ing the original position and the position at + = 400 ns are indicated by thick arrows
shown in the right-side panels. When the microwave field H”||x with v = 0.0494
activates the counterclockwise rotation mode, the skyrmion crystal propagates in a
direction close to the positive y direction, whereas the same skyrmion crystal prop-
agates in a direction close to the negative y direction when H®||z with w = 0.0666
activates the breathing mode. It is also found that the travel distance in the former
case is much longer than that in the latter case, which indicates that the in-plane
microwave field H*||x drives much faster motion of the skyrmion crystal than the
out-of-plane microwave field H*||z.

Figure 8.5a, b display the simulated microwave frequency dependence of the drift
velocity v = (v,, vy) of the driven skyrmion crystal under a tilted H. field for
different microwave polarizations. Apparently, the velocities are enhanced to have
peaks at the resonance frequencies that correspond to the spin-wave modes, indicating
that the resonant spin-wave excitations of skyrmion crystal indeed drive its quick
translational motion. The velocity is highest with v, ~ 0.04 m/s when the in-plane
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Fig. 8.5 Calculated microwave frequency dependence of the velocity v = (vy, vy) for translational
motion of the skyrmion crystal induced by a microwave field H® under a tilted H o field Hex =
(H;tan 6,0, H;) with H, = 0.036 and 6§ = 30°. The system is irradiated by a microwave field
H?sinwt (n = x, y, z) with Hy = 0.0006 where @ = 27 f is its angular frequency. The velocities
show peaks at the resonant frequencies of the spin-wave modes, while their signs vary depending
on the mode and the microwave polarization (Reproduced from [29].)

microwave field H® || x activates the counterclockwise rotation mode. It is also
found that the speed and the direction of this translational motion sensitively depend
on the excited spin-wave mode and the microwave polarization.

8.5 Microwave-Electric-Field-Driven Translational Motion
of Isolated Skyrmions

In this section, we discuss an efficient method to drive isolated magnetic skyrmions
embedded in ferromagnetic environment with microwave electric fields instead of
microwave magnetic fields [30]. As mentioned in the introduction section, the mag-
netic skyrmions appear not only as a crystallized form but also as isolated defects
in the ferromagnetic phase. Recently possible application of magnetic skyrmions to
high-performance memory devices are studied intensively. For the usage as informa-
tion carriers in memory devices, isolated magnetic skyrmions rather than crystallized
ones are recognized to be convenient. However, when a microwave magnetic field
is applied to a device to activate the isolated skyrmion defects, it is unavoidable to
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excite a vast majority of background ferromagnetic magnetizations, which hinders
the resonance modes of the skyrmion defects.

To solve this problem, it was recently proposed theoretically that isolated magnetic
skyrmions can be selectively activated using microwave electric fields without excit-
ing ferromagnetic resonances, in contrast to conventional methods using microwave
magnetic fields. It was also demonstrated by numerical simulations that the selective
activation of a skyrmion can efficiently drive its translational motion in a ferromag-
netic nanotrack under application of a tilted H ¢ field.

We consider a magnetic bilayer system with a ferromagnetic layer fabricated on
top of a heavy-metal layer with strong spin-orbit interaction, where the
Dzyaloshinskii-Moriya interaction becomes active at their interface due to the spa-
tial inversion asymmetry to form Neel-type skyrmions. A tilted magnetic field
H. = (H,,0, H;) with H, = H, tan 0 is applied to this bilayer system. To investi-
gate microwave-driven phenomena of skyrmions in this system, the following clas-
sical Heisenberg model on a square lattice was employed,

H=—J ) mi-mj—[Ha+HWDI- ) m

<i,j>

+ D) Y [mi x mige) -5 — (my X mygy) - £, @.11)

where m; is the normalized magnetization vector. In this Hamiltonian, a time-
dependent magnetic field or a microwave magnetic field H () = (0, 0, H_(¢)) with
H (1) = H? sin(wt) is taken into account via the Zeeman coupling term. On the other
hand, a time-dependent electric field E(7) = (0, 0, E_(¢)) with E () = E? sin(wt)
applied perpendicular to the sample plane is incorporated via the time-dependent
interfacial Dzyaloshinskii-Moriya interaction. The strength of this interaction can
be tuned by applying a gate electric field normal to the plane via varying the
extent of the spatial inversion asymmetry [35-37]. Importantly, the coefficient
D(t) = Dy + AD(t) has two components, specifically, a steady component D, and
a E(t)-dependent component AD(t) = k E,(t) with k being the coupling constant.

A time profile of the net magnetization M, () = (1/N) ), m;(t) and AM, (1) =
M, (t) — M,(0) are simulated by numerically solving the Landau—Lifshitz—Gilbert
equation after application of a short pulse H,(z) or E,(¢t) with duration of At =
1. From its Fourier transform AM, the dynamical magnetic and electromagnetic
susceptibilities x ™™ and x “™ are calculated as,

AM? wo AM?
X)) = ———, M) = |——— (8.12)
MOHpulse €0 Epulse

Note that the magnetic susceptibility x ™™ represents the response of the magnetiza-
tions to the microwave magnetic field H (r), whereas the electromagnetic suscepti-
bility x“™ represents the response of the magnetizations to the microwave electric
field E(¢).
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Fig.8.6 a,b Microwave absorption spectra Imx ™™ (@) [Imy *™ (w)] when a quasi-two-dimensional
ferromagnet with a skyrmion defect under perpendicular (6 = 0°) and tilted (6 # 0°) H ey field is
irradiated with an out-of-plane polarized microwave magnetic [electric] field H?||z [E®||z]. The
spectra Imx ™™ (w) for various angles 6 indicate that the ferromagnetic resonance mode becomes
active to the microwave magnetic field H ||z when the H ¢ field is tilted, and its intensity becomes
rapidly enhanced as 6 increases, although it is silent when the Hcy field is perpendicular. In
contrast, the spectra Imy®™ (w) indicate that the microwave electric field E”|z can selectively
activate resonance modes of the skyrmion defect without exciting the background ferromagnetic
magnetizations. ¢ Schematic illustration of an experiment for the temporal variation of the interfacial
Dzyaloshinskii-Moriya interaction by application of a microwave electric field to the magnetic
bilayer system under a tilted Hey field. d Simulated snapshots of the translational motion of
the driven skyrmion defect. e Trajectories of a driven skyrmion defect for three different spin
modes activated by the microwave electric field. The simulations for d and e are performed for
J=1,Dg/J =027, kEY =0.05D¢, H; = 0.057, 6 = 30°, and g = 0.04 (Reproduced from
[301)

Figure 8.6a displays imaginary parts of the calculated dynamical magnetic sus-
ceptibilities Imy ™™ of a ferromagnetic system with a single skyrmion defect under
application of the out-of-plane microwave magnetic field (H“||z) for various values
6. The calculations are performed for a ferromagnetic system of 160 x 160 sites
with periodic boundary conditions, in which one skyrmion exists as a defect. When
6 = 0°, only a single peak appears in the spectrum indicating that only the breathing
mode of the skyrmion defect is activated without exciting the background ferromag-
netic magnetizations. However, as 0 increases, the intensity of the breathing mode
decreases, and, alternatively, a large spectral peak due to the ferromagnetic resonance
mode appears in the higher frequency regime. Namely, under the tilted H . field,
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the microwave magnetic field cannot avoid activating the intense ferromagnetic res-
onance mode, which inevitably results in large loss of energy and significant rise of
temperature.

To drive isolated skyrmions in the ferromagnetic phase efficiently, it is nec-
essary to activate the skyrmions selectively avoiding the situation that the weak
skyrmion resonance modes are masked by the intense ferromagnetic resonance
mode. This seemingly impossible operation can be achieved by taking advantage
of the microwave electric field. More concretely, when a microwave electric field is
applied to a magnetic bilayer system or a thin-film specimen of chiral-lattice magnet
fabricated on insulating substrate, the isolated skyrmions can be selectively activated
through temporal variation of the extent of spatial inversion asymmetry and result-
ing temporal oscillation of the Dzyaloshinskii-Moriya interaction. The calculated
microwave absorption spectra (the imaginary parts of the electromagnetic suscepti-
bilities Imx ®™) in this case are displayed in Fig. 8.6b, which clearly show selective
activations of the resonance modes of the skyrmion defect.

When the spin-wave modes of isolated skyrmions are activated in a system shown
in Fig. 8.6c with a microwave electric field, their translational motion can be driven
as shown in Fig. 8.6d. Figure 8.6e displays trajectories of the skyrmion translational
motion when a microwave electric field with each resonance frequency is applied
for a certain duration (Note that the length scale is different between the horizontal
and vertical axes). Interestingly, the breathing mode turns out to drive the skyrmion
most quickly although the intensity of this mode is not so large.

Another interesting aspect to be mentioned is the trajectory is straight and exactly
parallel to the x axis (direction toward which the H . field is tilted) when the coun-
terclockwise rotation mode is excited. It is recognized that one of the most promising
forms of the skyrmion-based magnetic memories is the skyrmion race track memory
based on the skyrmion motion in magnetic nanowires driven by a spin-polarized
electric current, which can be regarded as the race track memory with its ferromag-
netic domains being replaced with magnetic skyrmions. However, one of the critical
problems that hinders its realization is the skyrmion Hall effect. The current-driven
skyrmions have not only a velocity component parallel to the electric current but
also that perpendicular to it. Due to this effect, the skyrmion cannot avoid colliding
to the horizontal edges of devices, which results in absorption and pinning of the
skyrmions. In contrast to the current-driven case, we can achieve the translational
motion of skyrmions exactly parallel to the nanowire and thus can avoid this kind
of problem when we drive them by microwave irradiation under a tilted H .y, field.
For the breathing mode and the clockwise rotation mode, the skyrmion moves in a
direction slanted from the tilting direction of the H . field. Even in these cases, we
can achieve the skyrmion motion exactly parallel to the nanowire by tuning the tilting
direction of H . It is always possible to realize the straight and parallel skyrmion
motion in a nanowire without collision to the edges in this way because the H ¢, field
can be oriented in an arbitrary direction in contrast to an electric current flowing
always along the nanowire.
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8.6 Electrically Driven Spin Torque and Dynamical
Dzyaloshinskii-Moriya Interaction

In the above section, we argued that the application of microwave electric field can
drives translational motion of isolated skyrmions embedded in a ferromagnetic back-
ground of magnetic bilayer system through inducing the temporal variation of the
interfacial Dzyaloshinskii-Moriya interaction. In this section, we discuss a theoret-
ical formulation of this electrically induced time-dependent Dzyaloshinskii-Moriya
interaction [35]. From a theoretical perspective, we demonstrate that the spin torques
can be exerted into magnetic bilayer systems via the Rashba spin-orbit interaction
by application of an AC electric voltage. The exerted spin torques turn out to resem-
ble the well-known electric-current-induced torques, i.e., the spin-transfer torque
and the nonadiabatic torque, providing similar controllability of magnetism with
microwave electric fields. The spin torques also turn out to work as an interfacial
Dzyaloshinskii-Moriya interaction, which contains both steady and oscillating com-
ponents and enables us to create and activate noncollinear magnetism like magnetic
skyrmions by application of a microwave electric field.

In the magnetic bilayer system with broken spatial inversion symmetry, the Rashba
spin-orbit interaction becomes active. This interaction works as an effective magnetic
field acting on the conduction-electron spins, through mediating mutual coupling
between spins and orbital momenta of the electrons [38, 39]. Importantly, strength
and direction of the effective magnetic field are determined by the momentum of
the electron. Therefore, the Rashba spin-orbit interaction can induce nontrivial spin
torques acting on the magnetizations through controlling the spin polarizations of
the conduction electrons which couple to the magnetizations via the exchange inter-
action. The strength of the Rashba spin-orbit interaction can be tuned by application
of a gate electric voltage normal to the interfacial plane [40], through modulating
the extent of the spatial inversion asymmetry. This suggests that an AC gate voltage
produces nontrivial Rashba-mediated dynamical spin torques.

We consider a magnetic bilayer system with a ferromagnet/heavy-metal interface
(Fig.8.7), which is fabricated on an insulating substrate. The insulating substrate
prevents the electric-current flow and thus enhances the effects of gate electric voltage
acting on the ferromagnet/heavy-metal interface. The Hamiltonian for this system
has four terms as

H = Hy + Hg + Hex + Himp (8.13)

with
Hg = %me/dzr |p1ﬂ(r,t)|2 — EF/dzr Vi, DY, o), (8.14)
Hg = —“R—Fft)/dzr Ui, 0 (p x o).y, 1), (8.15)

H., = Jex/dzrm(r) AT, Hewr, 1), (8.16)
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Fig. 8.7 Schematic illustration of a magnetic bilayer system in which local magnetizations m (r)
couple to a conduction-electron system with the time-dependent Rashba spin-orbit interaction. The
strength of the Rashba interaction ar (f) is temporally varying under application of an AC gate
electric voltage. The insulating substrate prevents electric-current flows to enhance the effects of
electric voltage acting on the interface hosting the Rashba spin-orbit interaction (Reproduced from

[351)

Hipmp = /dzrvimp(r)w(r,z)w(r,z), (8.17)

where m. and p denote, respectively, the mass and momentum of a conduction elec-
tron, Er the Fermi energy, o the Pauli matrices, and ¥ (1) the creation (annihilation)
operator of a conduction electron. The term Hk represents the kinetic energies of
the conduction electrons, while the term Hg describes the time-varying Rashba spin-
orbit interaction where ag (¢) is the time-dependent coupling coefficient. The term
H, represents the exchange interaction between the conduction-electron spins and
the local magnetization where J.x and m are the coupling constant and the normal-
ized local magnetization vector, respectively. The term H;y,, depicts the scattering
potentials from spatially distributed nonmagnetic impurities, which determine the
relaxation time t of the conduction electrons.
The impurity potential is given by,

Vimp(F) = timp Y _ 8(r — 1) (8.18)

where u;ny, is the strength of the impurity scattering, r; denotes positions of the
impurities, and §(r) is the Dirac delta function. Taking averages over the impurity
positions as

Vimp () = 0, Vimp (F)Vimp (') = Rimptt 3, 8 (r — 1), (8.19)

the relaxation time of the conduction electrons is given by

T = B2 VeRimplt, (8.20)

imp

in the first Born approximation. Here, n;m, denotes the concentration of impurities
and v, = m. /2w h? is the density of state.
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The spin torque induced by the conduction-electron spins via the exchange inter-

action is defined as
Jexa@?

T = mxs, (8.21)

where a is the lattice constant, s = (1 To'¢/) is the conduction-electron spin density,
and the brackets denote the quantum expectation value. The analytical formula of
the spin torque is given in the form,

T=T,+T,+T;
- —%Dl(m X V).m+ L Dy(m x V).m

h
—C—lﬂRDzm X [(m X V)Zm], (8.22)
h
where
hvea [ Er Er + Jx
D(t) = —In{——) -2 1), 8.23
1(®) 271t|:JeX H(EF_Jex> i|aR() (8.23)
J2 U3 —n?) dag (1)
D, (1) = veaEpt == 8.24
2(t) = veaErT (Jé(+772)2 dt ( )
2Jexn
= 8.25
Br i (8.25)
with n = i/27.

The above formula is derived from perturbation calculations based on some
assumptions summarized below:

e Metallic bilayer systems with Jox < EF,

e Slowly varying magnetizations with ¢ < kg,
e Weak magnitudes agr with arkp < EF,

e Low frequencies €2 for ag with A2 K EFp,

where ¢ is the wavenumber of local magnetization and kg is the Fermi wavenumber.
The coefficients D;(¢), D,(t), and Br are well defined when the relaxation time is
sufficiently long to satisfy the conditions Er 3> ii/t, Je > h/tand Ep — Jex > h/T.
Note that D; vanishes in the clean limit with 7 — oo for the present quasi-two-
dimensional metallic system with J.x < Ep, whereas it is known to survive in the
three-dimensional systems or in the half-metallic systems with J.x > Er even in the
clean limit. For details of the derivation, see [35].

The first two contributions in (8.22), T+ T,, describe an -effective
Dzyaloshinskii-Moriya interaction, which is given in the continuum form as

D, —D
Homr = ———€qp: / d*r (m x Vym)P. (8.26)
a
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Table 8.2 Typical material parameters for magnetic bilayer systems

Metallic systems Semiconducting systems
Lattice constant a 5A 5A
Fermi energy Ef 4eV 10 meV
Fermi wavenumber kg 1A-1 0.01 A-!
Exchange int. Jex/EF 0.25 0.5
Relaxation time t 107145 107125
Rashba parameter 1: «g 2eV-A 0.07eV-A
Rashba parameter 2: aexi /g | 0.1 0.1
Frequency Q2 /27 1GHz 1GHz

(Note that m x (a*/h)§Hpmr/8m leads to T 4 T'5). The contribution D, which is
proportional to ag, appears even with a steady Rashba spin-orbit interaction. In con-
trast, the contribution D,, which is proportional to 9, , appears only in the presence
of a time-dependent Rashba spin-orbit interaction. This interfacial Dzyaloshinskii-
Moriya interaction is expected to be tuned by applying an electric gate voltage. More
interestingly, application of an AC voltage is expected to induce an oscillating com-
ponent of the Dzyaloshinskii-Moriya interaction. The Rashba parameter o (¢) in the
driven Rashba electron system is composed of both steady and time-dependent com-
ponents as or(t) = o + Cex (1) With ey (f) = aex Sin (2¢). Using typical mate-
rial parameters summarized in Table8.2 [40-42], the strength of this Rashba-
induced Dzyaloshinskii-Moriya interaction is roughly estimated as D; ~ 0.1 meV
and D, ~ 5 x 1073 meV for metallic bilayer systems, while D; ~ 6 x 107° meV
and D, ~ 2 x 107® meV for semiconducting bilayer systems. The strength of the
Rashba-induced Dzyaloshinskii-Moriya interaction is relatively strong in metallic
bilayer systems, whereas it is rather weak in the semiconducting bilayer systems.

It should be mentioned that the magnitude of D, being proportional to d;cex () can
be tuned by varying the amplitude and frequency of the AC gate voltage, although itis
usually small as compared to the magnitude of D;. The ratio D,/ D, is approximately
given by Qept?/2mh, which takes ~ 10~* (1072) for metallic (semiconducting)
bilayer systems when a typical frequency of 2 = 1 GHz is assumed. The ratio D,/ D,
tends to be larger for the semiconducting system, whereas the absolute value of D,
tends to be larger for the metallic system. An appropriate system should be chosen
depending on the purpose.

The last two terms in (8.22), both of which are proportional to D,, can be rewritten
as

T+ T3 x(jg-V)m— prm x (j,-V)m. (8.27)

where
Js = (e/ha)Drz x m. (8.28)



8 Microwave-Driven Dynamics of Magnetic Skyrmions ... 201

When the time-dependent Rashba spin-orbit interaction ag () is induced by the AC
gate voltage, the vector quantity j, o d;ar (£)z X m gives rise to AC spin torques.
In the clean limit with a long relaxation time (2/J7 < 1), the coefficient Sg in
the second term is reduced to i/ JeT. Interestingly, the vector quantity j, defined
here can be regarded as a fictitious spin current because the above expressions of
T, and T3 have equivalent forms with those of the spin-transfer torque and the
nonadiabatic torque in the presence of the real spin current js, respectively. It should
be noted, however, the present relaxation time 7 corresponds to a different time scale.
Specifically, the relaxation time is governed by the coherence of the conduction-
electron momenta in the present case, while in the current-induced case, itis governed
by that of the conduction-electron spins.

Assuming the material parameters for the metallic bilayer systems in Table 8.2,
the values of j; = (e/ha)D, and Br are evaluated as ~2 A/m and ~0.07, respec-
tively. These values are large enough to induce the magnetization dynamics. Numer-
ical simulations in [35] indeed demonstrated that not only a skyrmion crystal with
hexagonally packed magnetic skyrmions but also isolated skyrmions embedded in
a ferromagnetic background can be excited resonantly through temporal variation
of the Dzyaloshinskii-Moriya interaction achieved by application of a microwave
electric voltage. This technique provides a means to drive magnetic skyrmions elec-
trically with a low energy consumption. Recently, a lot of ferromagnet/heavy-metal
bilayer systems hosting magnetic skyrmions have been reported. The above theoret-
ical proposals are anticipated to be realized by future experiments on these magnetic
bilayer systems.

8.7 Microwave-Induced DC Spin-Motive Force

We next discuss a proposed method to generate DC electric voltages by exploit-
ing the spin-wave excitations of magnetic skyrmions under a tilted H ., field [31].
It is well known that injection of spin-polarized electric currents can drive non-
collinear skyrmion textures in metallic magnets via the spin-transfer torque mecha-
nism, whereas the noncollinear skyrmion magnetizations inversely affect transport
properties of conduction electrons as exemplified by the topological Hall effect. The
spin-driven electromotive force (i.e., an emergent electric field induced by magneti-
zation dynamics) is another important example of the latter kinds of phenomena [43,
44]. It was proposed theoretically that spatially modulated magnetic textures such
as magnetic skyrmions, magnetic helices and ferromagnetic domain walls produce
effective vector potential acting on the conduction electrons via exchange coupling
with the conduction-electron spins, which is called non-Abelian gauge field. When
these magnetic textures are temporally varied by an applied time-periodic field such
as microwave electromagnetic fields, this effective vector potential also changes
temporally. This temporal variation of the vector potential gives rise to an effective
electric field which acts on the conduction electrons. The electric motive force due
to this effective electric field is referred to as the spin-motive force, which is one of
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Fig. 8.8 Relationship between the spin-transfer torque mechanism and the spin-motive force.
a Schematic illustrations of the spin-transfer torque mechanism. Translational motion of a magnetic
texture is driven by the angular-momentum transfer from conduction-electron spins of injected spin-
polarized currents to the noncollinear magnetizations. b Schematic illustrations of the spin-motive
force. Effective electromotive force acting on the conduction electrons is induced by the momen-
tum transfer from driven noncollinear magnetic texture to the conduction electrons via exchange
coupling, resulting in the generation of electric currents (Reproduced from [31].)

the important subjects of the recent spintronics research. This phenomenon can be
interpreted as the inverse effect of the spin-transfer torque mechanism (see Fig. 8.8).
An expression of this spin-induced effective electric field is given by,

E,(t) = h m (0ym x oym) (u=1x,y,2), (8.29)

where m(r, t) is the normalized classical magnetization vector. This formula explic-
itly indicates that both temporal and spatial variations of magnetizations are required
to generate the spin-motive force. Several experimental reports have discussed the
generation and observation of the spin-motive force in ferromagnetic domain walls
and magnetic vortices activated by microwave fields [45, 46].

There has been a theoretical proposal that the microwave activation of skyrmion
crystal under a perpendicular H., field gives rise to an enhanced spin-motive
force [47, 48]. However, the spin-motive force available in this way is a pure AC
voltage with an average of zero. In fact, there have been several theoretical propos-
als and experimental demonstrations of the generation of the AC spin-motive force.
However, a method to generate a stationary DC spin-motive force has long been
missing. One possible way to obtain a DC voltage is to use an AC-DC transducer to
convert the AC voltage to a DC voltage. But it is difficult to fabricate such a precise
device in nanometric systems. Moreover, significant reduction of the voltage cannot
be avoided in the conversion process, which can be a critical problem because the
spin voltage is originally very tiny. Therefore, it is highly desired to establish a simple
technique to generate a DC spin voltage for spintronics applications.

To solve this problem, it was recently proposed theoretically that an oscillating
spin voltage with a large DC component can be generated by exciting the microwave-
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active spin-wave modes of skyrmion crystal on a quasi-two-dimensional thin-plate
magnet under a tilted H field in [31]. In this study, micromagnetic simulations
based on the Landau-Lifshitz—Gilbert equation were performed to trace the magne-
tization dynamics of a skyrmion crystal activated by a microwave magnetic field H®.
Using the simulated data of the magnetization dynamics, the spatiotemporal profiles
of the spin-motive force E(r,t) were numerically calculated. For the numerical
calculations, it is convenient to rewrite (8.29) in discretized form as

m; () —m;_p(r) » m;(t + At) —m;(t — Ar)
2a 2At

El

(8.30)

h
E, ()= 2_emi(t) : |:

where 1 = x, y and a(=5 A) is the lattice constant. Time profiles of the spin volt-
age were calculated by numerically solving the Poisson equation using the spatial
distribution data of the spin-motive force E(r, t) at each moment ¢.

The spin-motive force that contains a large DC component can indeed be gen-
erated by activation of the spin-wave modes of magnetic skyrmions under a tilted
H . field. Figure 8.9a—d show time profiles of the spin-motive force simulated for
a 50nm x 50nm squared system which contains a skyrmion crystal composed of
twelve skyrmions. When the H field is perpendicular, the generated spin-motive
force is of pure AC for the counterclockwise rotation mode (Fig. 8.9a) or constantly
zero for the breathing mode (Fig. 8.9b). On the contrary, a spin-motive force with a
large DC component of 0.5-1 uV is generated when the H . field is tilted by 6 = 30°
(Fig.8.9c, d).

The simulated time profiles of spin voltages turn out to be well fitted by an
approximate formula of the forced oscillation with a damping.

V=V + Vi —e ") sinort, (8.31)

with 4 = x, y. Here VlPC, VAC w(= 27 f), and 7 are the DC component, the AC
amplitude, the angular frequency, and the decay rate of the induced temporally oscil-
lating spin voltage, respectively. Fig. 8.9e—f show the microwave-frequency depen-
dence of the DC component VEC (u = x, y) for different microwave polarizations,
which are evaluated by the fitting. Specifically, Fig.8.9e shows VPC for H?||x, y,
Fig.8.9f shows VyDC for H”||x, y, Fig.8.9g shows VPC for H”||z, and Fig.8.9h
shows VVDC for H?||z. The results show that the DC component is enhanced sig-
nificantly when the frequency of the microwave is tuned to an eigenfrequency of
the spin-wave modes, which converts the microwave power to a DC voltage with
high efficiency. The results also show that the sign of the DC voltage depends on the
excited spin-wave mode and the microwave polarization, which indicates that the sign
of the voltage can be switched by tuning the microwave frequency or the microwave
polarization. Note that a large DC voltage is obtained for the counterclockwise rota-
tion mode activated by H”|x, y and for the breathing mode activated by H|z,
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Fig. 8.9 a, b Calculated time profiles of spin voltages induced by a the counterclockwise (CCW)
rotation mode activated by a microwave field H*|x and b the breathing mode activated by a
microwave field H? ||z of a skyrmion crystal confined in a quasi-two-dimensional magnet under a
perpendicular H ¢ field with® = 0°. ¢, d Those under atilted H ¢x field with & = 30°. The amplitude
H® and frequency @ of microwave are presented where w(=2n f) is fixed at the eigenfrequency
of the spin-wave mode. The DC component VXDC evaluated by fitting the simulated time profiles
are shown as well. e-h Calculated microwave-frequency dependence of the DC component VEC
(u = x, y) of the spin voltage under a tilted H¢x field with 6 = 30°, i.e., e VxDC for H®||x, y,
) VVDC for H”||x, y, (2) VPC for H®||z, (h) V}],)C for H®||z. The microwave amplitude is fixed
at H® = 0.6 x 1073 for e-h. The parameters are fixed at J =1, D =0.27, H, = 0.036, and
a = 0.04, whereas the system of N = 96 x 111 sites with a skyrmion crystal composed of twelve
magnetic skyrmions is used for all the simulations (Reproduced from [31].)
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which indicates that these sets of microwave polarization and the spin-wave mode
are suitable for efficient conversion of microwaves to a DC electric voltage.

It should be also noted that an advantage of using a skyrmion crystal is that the
arrays of numerous magnetic skyrmions in a skyrmion crystal behaves as batteries
connected in series, which give a large electric voltage as a sum of each contribution.
We expect several orders of magnitude larger electric voltage by using a larger-sized
device, which offers a promising technique of an efficient conversion of microwaves
to DC electric voltages.

8.8 Concluding Remarks

To summarize this chapter, we have discussed several microwave-related phenomena
that magnetic skyrmions confined in a quasi-two-dimensional magnetic specimen
are expected to show under a tilted external magnetic field by particularly taking the
microwave-driven translational motion and the microwave-induced DC spin-motive
forces as topics. The researches on the dynamical phenomena and device functions of
magnetic skyrmions are now extended over a wide area. The researches on magnetic
skyrmions which bring technical applications into a scope can be classified roughly
into two categories. One category of the researches aims for application to magnetic
memories and storage devices and seek the elementary techniques to write, erase,
read, and drive magnetic skyrmions in controlled ways [3, 49]. Another category of
the researches focuses on the microwave-device functions of magnetic skyrmions
based on their peculiar spin-wave modes such as microwave generation, microwave
detection, microwave diode, and magnonic-crystal devices [4, 6, 7]. In addition,
magnetic skyrmions nowadays became to attract novel research interest as promising
building blocks of logic-gate devices [50] and brain-inspired computing devices such
as reservoir computing [51-53] and neuromorphic computing [54, 55]. It is yet to
be clarified what kinds of technical applications can be expected for the phenomena
discussed in this chapter. However, we naively anticipate that the magnetic skyrmions
under a tilted H ¢y, field are still hiding a lot of intriguing phenomena, useful device
functions, and novel physics, which might be clarified in future studies.
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