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We theoretically investigate the microwave-active resonance modes of a skyrmion crystal on a thin-
plate specimen under application of an external magnetic field that is inclined from the perpendicular
direction to the skyrmion plane. In addition to the well-known breathing mode and two rotation
modes, we find novel resonance modes that can be regarded as combinations of the breathing and
rotation modes. Motivated by the previous theoretical work of Wang et al. [Phys. Rev. B 92,
020403(R) (2015).], which demonstrated skyrmion propagation driven by breathing-mode excitation
under an inclined magnetic field, we investigate the propagation of a skyrmion crystal driven by
these resonance modes using micromagnetic simulations. We find that the direction and velocity
of the propagation vary depending on the excited mode. In addition, it is found that a mode with
a dominant counterclockwise-rotation component drives much faster propagation of the skyrmion
crystal than the previously studied breathing mode. Our findings enable us to perform efficient
manipulation of skyrmions in nanometer-scale devices or in magnetic materials with strong uniaxial
magnetic anisotropy such as GaV4Ss and GaViSes, using microwave irradiation.

PACS numbers: 76.50.4g,78.20.Ls,78.20.Bh,78.70.Gq

I. INTRODUCTION

vealed that these resonance modes of skyrmions host in-

Noncollinear spin structures in magnets such as spirals,
vortices, and chiral solitons with finite helicity and/or
chirality show nontrivial collective excitations and thus
offer intriguing spintronics and magnonics functions.
One of the most important examples of such spin struc-
tures is magnetic skyrmions realized in magnets with bro-
ken spatial inversion symmetry' 7, in which keen com-
petition between the Dzyaloshinskii-Moriya (DM) inter-
action and the ferromagnetic-exchange interaction takes
place. The skyrmion structures usually appear in a plane
that lies perpendicular to an external magnetic field Hey,
where the magnetizations at its periphery (center) are
oriented parallel (antiparallel) to Hex. The skyrmions
are classified into three types, i.e., the Bloch-type, the
Neel-type, and the antivortex-type, according to the way
of their magnetization rotation [Fig. 1(a)]*%.

In bulk specimens, layered skyrmion structures are
stacked to form a tubular structure along the Hgy di-
rection. The skyrmions often appear in a hexagonally
packed form known as a skyrmion crystal, as shown in
Fig. 1(b)® 2. These skyrmions show specific microwave-
active collective modes'® 7.  When an external field
H,, is applied normal to the plane of the skyrmion, the
skyrmion crystal has one (two) resonance mode(s) acti-
vated by a microwave magnetic field H“ perpendicular
(parallel) to the thin-plate plane. It shows a breathing
mode under the perpendicular H“ field, in which the
crystallized skyrmions expand and shrink uniformly in
an oscillatory manner. In contrast, the two modes that
occur under the in-plane H“ field are rotation modes,
for which the rotational sense is counterclockwise (clock-
wise) for the lower-frequency (higher-frequency) mode.

Recent theoretical studies and experiments have re-

teresting microwave and spintronics functions®!®, includ-
ing gigantic microwave directional dichroism'? 22, induc-
tion of spin voltages?>2*, generation of spin currents?®,
spin-torque oscillator functions?%27, microwave sensing
functions?®, and magnonic crystal functions?? 3!, These
phenomena have all been investigated for the three col-
lective modes mentioned above. Situations in which the
skyrmion plane and the skyrmion tube are inclined from
the Hey direction rarely occur in bulk specimens be-
cause they can easily follow the Hey. direction. How-
ever, when the skyrmions are confined within a quasi-
two-dimensional thin-plate specimen [see Fig. 1(c)]*%32,
a situation can be realized in which distributions of the
magnetizations and scalar spin chiralities have dispropor-
tionate weight and are slanted from the skyrmion cen-
ter, as shown in Fig. 1(d) and (e)33. Such a situation
can also occur in magnets with strong uniaxial magnetic
anisotropies, in which the orientations of the skyrmion
plane and the skyrmion tubes are fixed, irrespective of
the H,, direction.

We expect emergence of characteristic resonance
modes for skyrmion crystal under application of an in-
clined H.y field. However, such modes have not been
studied systematically to date, although novel modes are
expected to host previously unrecognized functions and
phenomena. Indeed, a recent theoretical study proposed
that translational motion of skyrmions can be driven
by application of a microwave magnetic field H“ to a
skyrmion-hosting two-dimensional system under an in-
clined H.y field®**. In addition, it was found that a
skyrmion crystal appears always on the (111)-plane, ir-
respective of the Hey direction in insulating vanadates
GaV,Sg and GaV,Seg with lacunar spinel structure be-
cause of their strong uniaxial magnetic anisotropy>®37.
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FIG. 1: (color online). (a) Three types of magnetic skyrmion
structures. Distributions of the magnetizations (upper pan-
els) and those of the scalar spin chiralities C; = (m4s X
Miyz+g) - M, (lower panels) are shown. (b) Top view of the
skyrmion crystal under a perpendicular magnetic field. (c)
Thin-plate specimen hosting a skyrmion crystal under a mag-
netic field Hex=(H,0, H-) that is inclined with a finite in-
plane component H, = H. tanf. (d) Skyrmion structures un-
der the inclined magnetic field. (e) Bloch-type skyrmion crys-
tal under the inclined magnetic field. (f) Theoretical phase
diagram of the spin model given by Eq. (1) at 7' = 0 as a func-
tion of H, for a perpendicular magnetic field Hex=(0,0, H)
with 0 = 0°.

In insulating skyrmion-hosting materials of this type,
specific resonance modes can be sources of interesting mi-
crowave magnetoelectric phenomena owing to their mul-
tiferroic nature with magnetically induced electric polar-
izations. Under these circumstances, clarification of the
microwave-active modes and the microwave-related phe-
nomena of skyrmions under application of an inclined
H,, field becomes an issue of major importance.

In this paper, we theoretically investigate the
microwave-active resonance modes of a skyrmion crys-
tal in a two-dimensional system under an inclined Hy
field. By numerically solving the Landau-Lifshitz-Gilbert
(LLG) equation, we trace dynamics of the magnetiza-
tions that constitute the skyrmion crystal to calculate mi-
crowave absorption spectra and obtain real-space snap-
shots for each eigenmode. In addition to the well-known
breathing and two types of rotation modes, we find that
characteristic modes appear, which can be regarded as
combinations of the breathing and rotation modes. Using
micromagnetic simulations, we demonstrate that contin-
uous excitation of these resonance modes via microwave
application results in propagation of the skyrmion crystal
where its direction and velocity sensitively depend on the
excited mode (or the microwave frequency) and the mi-

Exchange int. J=1 1 meV
Time t=1 0.66 ps
Frequency f = w/2m w=1 241 GHz
(w=0.01 2.41 GHz)
Magnetic field H=1 8.64 T

TABLE I: Unit conversion table when J=1 meV.

crowave intensity. Furthermore, we find that a mode with
a dominant counterclockwise-rotation component drives
much faster propagation of the skyrmion crystal than the
previously examined breathing mode. The knowledge of
these resonance modes and the microwave-driven motion
of skyrmion crystals under an inclined magnetic field lead
to techniques to manipulate skyrmions using microwaves
and provide a means to realize unique skyrmion-based
devices.

II. SPIN MODEL AND METHOD

We employ a classical Heisenberg model on a square
lattice to describe the magnetism in a thin-plate speci-
men of a skyrmion-hosting magnet, which contains the
ferromagnetic exchange interaction, the DM interaction
among the normalized magnetization vectors m;, and the
Zeeman coupling to the external magnetic field H, 3839,
The Hamiltonian is given by,

Ho = —J Z mi-mj+ZD7-(mixmi+,9)

<i,j> @5

— HCX-Zmi, (1)

Types of the skyrmion are determined by a structure of
the Moriya vectors D, (v = z,y), i.e.,, Dy = (D,0)
and D, = (0,D) produce the Bloch-type skyrmion,
D, = (0,D) and D, = (—D,0) produce the Neel-type
skyrmion, and D, = (0,D) and D, = (D,0) produce
the antivortex-type skyrmion. We adopt J=1 for the en-
ergy units and set D/J=0.27. The external magnetic
field Hey is inclined from the perpendicular direction
(I|z) towards the x direction as Hex=(H,0, H,) with
H, = H,tanf, where 6 is the inclination angle [see
Fig. 1(c)]. Figure 1(f) shows a theoretical phase diagram
of this spin model at T=0 as a function of H, when Hy
is applied normal to the two-dimensional plane (§=0).
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 unit conversions when J=1 meV are summarized in

Table L.
The LLG equation is given by,

dmi

dmi

dt

ag
= —ym; X Hfﬂ + Eml X
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FIG. 2: (color online).
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(a), (b) Imaginary parts of the calculated dynamical magnetic susceptibilities of skyrmion crystal

confined in a two-dimensional system under perpendicular (6=0°) and inclined (@ #0°) magnetic fields as functions of the
angular frequency w. (a) Those for the in-plane microwave polarization with H*||«,y. (b) Those for the out-of-plane microwave
polarization with H“||z. Note that these spectra are calculated for the Bloch-type skyrmion crystal, but it was confirmed that
the Neel-type and the antivortex-type skyrmion crystals have perfectly equivalent spectra. Here the inclined magnetic field is
given by Hex=(Htan 0,0, H.) with H.=0.036. A dominant component of the oscillation is indicated below the name of each
mode, where CW and CCW indicate the clockwise and the counterclockwise rotations, respectively. The spectra for Mode 4
are magnified in the insets. (c), (d) Spectral intensities as functions of 6 for Modes 1-4 for (c) H”|x,y and (d)H"|z. (e)

Resonant frequencies wr as functions of 6 for Modes 1-4.

Here ag(=0.02) is the Gilbert-damping coefficient. The
effective magnetic field H acting on the local magneti-
zation m; on the i-th site is calculated from the Hamil-
tonian H=Ho+H'(t) in the form

1w
~h Om;’

eff

%

(3)

The first term, Hg, is the model Hamiltonian given by
Eq. (1). The second term, H'(t), represents the coupling
between the magnetizations and a time-dependent mag-

netic field H(t) in the form

H'(t) = —H(t) - Zm

The calculations are performed using a system of N =
96 x 111 sites where the periodic boundary condition is
imposed.
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FIG. 3: (color online). (a) Snapshots of the four resonance modes (Modes 1-4) of skyrmion crystal activated by the in-plane
microwave field H* ||y (left panels) and those of the three resonance modes (Modes 1-3) activated by the out-of-plane microwave
field H*||z (right panels) under an inclined magnetic field Hex=(H tan0,0, H.) with H.=0.036 and §=30°. One skyrmion
in the skyrmion crystal is focused on because all the skyrmions in the skyrmion crystal show identical motions. We show
here the results for the Bloch-type skyrmion crystal, but the other two skyrmion types show equivalent behaviors, with the
exception of the rotation sense of the antivortex-type (see text and Fig. 4). (b), (c) Imaginary parts of the dynamical magnetic
susceptibilities calculated by tracing the time-profiles of net magnetization through applying a sinusoidal AC magnetic field
H (t) for (b) HY|ly and (c) H*||z. Both spectra exhibit peaks at frequencies equivalent to those of the spectra for § = 30°
shown in Fig. 2, which were calculated by applying a short rectangular pulse. This indicates that both the short pulse and the
AC field excite identical modes and validates our method to study the modes.

IIT. RESULTS FOR THE RESONANCE MODES

To identify the resonance modes of a skyrmion crys-
tal under application of an inclined H.. field, we first
calculate dynamical magnetic susceptibilities,

AM™
R R
Here H*(w) and AM“(w) are Fourier transforms of
the time-dependent magnetic field H(¢) and the simu-
lated time-profile of the total magnetization AM (t) =
M(t) — M(0) with M(t) = + Zf\;l m;(t). For these
calculations, we use a short rectangular pulse for the
time-dependent field H (t) whose components are given
by,

Hpuise 0<t<1
HY(t) =< " 6
® {0 others (6)

where t = (J/h)7 is the dimensionless time with 7 being
the real time. An advantage of using the short pulse is
that for a sufficiently short duration At with wAt <« 1,
the Fourier component H®(w) becomes constant being
independent of w up to the first order of wAt. The
Fourier component is calculated as

At
Hpulse

jwt iwAt
; Hpisee™dt = i (e“" - 1)

~ HpuseAt. (7)

H*(w) =

As a result, we obtain the relationship xq(w) < AM*(w).

In Fig 2(a), we present calculated microwave absorp-
tion spectra, i.e., imaginary parts of the dynamical mag-
netic susceptibilities Imy, and Imy, for the in-plane mi-
crowave fields H“ ||z and H¥||ly, respectively, as func-
tions of microwave frequency w(= 27 f) for several values
of inclination angle 6. Here, we fix H.=0.036. Note
that while these spectra are calculated for the Bloch-
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FIG. 4: (color online). Snapshots of Mode 1 for Bloch-type,
Neel-type and antivortex-type skyrmion crystals under an in-
clined magnetic field Hex=(H tan 0,0, H,) with H.=0.036
and 6=30° activated by the in-plane microwave field H ||y.
Note that the rotation sense of the antivortex type is opposite
to those of the Bloch type and the Neel type.

type skyrmion crystal, we confirmed that the Neel-type
and the antivortex-type show perfectly equivalent spec-
tra. We find that while only two rotation modes with
counterclockwise and clockwise rotation senses (referred
to as Modes 1 and 3, respectively) are active under the
perpendicular Hey field with §=0°, novel modes (Modes
2 and 4) appear when the Hy field is inclined with 6 # 0.
Mode 2 appears between the two original rotation modes
(Modes 1 and 3) in frequency, whereas Mode 4 has a
higher frequency than Mode 3.

Intensities of these novel modes grow as the inclination
angle 6 increases. As will be discussed below, Modes 2
and 4 can be regarded as combinations of the breathing
and clockwise rotation modes, where the former (latter)
component is dominant for Mode 2 (Mode 4). On the
other hand, intensity of Mode 3 is either enhanced or
suppressed with increasing 6, depending on the polar-
ization of the microwave field H“. When the microwave
field H* is oriented parallel (perpendicular) to the direc-
tion toward which the Hey field is inclined, i.e., H%||x
(H“||y), the intensity becomes suppressed (enhanced) as
0 increases.

Figure 2(b) shows imaginary parts of the dynamical
magnetic susceptibilities Imy, calculated for the out-
of-plane microwave field H“ ||z for several values of 6.
Again, we find that novel modes (Modes 1, 3 and 4) ap-
pear when the H.y field is inclined, whereas the single
breathing mode (Mode 2) alone exists under the perpen-
dicular H., field. Intensities of these novel modes in-
crease as # increases, while intensity of the original Mode
2 decreases. As will be discussed below, Mode 1 (Modes
3 and 4) can be regarded as combined oscillations of the
dominant counterclockwise (clockwise) rotation compo-
nent and the subsequent breathing component.

Comparison of the calculated dynamical magnetic sus-

ceptibilities in Fig. 2(a) and (b) shows that four types
of collective modes activated by H“ ||z, y have identi-
cal resonance frequencies with four corresponding collec-
tive modes activated by H¥||z, indicating that both the
in-plane microwave fields H*||«, y and the out-of-plane
microwave field H¥||z activate equivalent modes under
application of the inclined H,y field.

In Fig. 3, snapshots of the magnetization distributions
for each mode focusing on a skyrmion constituting the
Bloch-type skyrmion crystal are shown for H¥|y (left
panels) and H¥|z (right panels) when H,=0.036 and
0=30°. They are simulated via application of a mi-
crowave magnetic field H*(t) = HYsinwt (a=z,y,2)
with a corresponding resonance frequency as the time-
dependent magnetic field H(t) in Eq. (4). In the simu-
lations of these eigenmode dynamics, we have monitored
time profiles of net magnetization and their Fourier trans-
forms to confirm that a pure eigenmode with a single-
frequency component is excited while other modes are
absent. Noticeably, Mode 2 under H“||y and Mode 2
under H¥||z at w=0.0666 are identical, which are re-
garded as a breathing mode. It is also found that Mode
1 (Mode 3) under H¥|y and Mode 1 (Mode 3) under
H“||z at w=0.0494 (w=0.0872) are again identical, and
can be regarded as combined oscillations of the dominant
counterclockwise (clockwise) rotation and the subsequent
breathing component. While the absorption intensity is
too weak to enable snapshots of Mode 4 to be obtained
under H¥||z, we expect that they would be equivalent
to those of Mode 4 under H*|y.

It is known that a single skyrmion in a constricted
geometry exhibits quantized higher harmonic radial and
azimuthal spin-wave modes when the system is activated
by a sinusoidal AC field, especially in the presence of rel-
atively strong damping effects?®4!. In the present calcu-
lations, we used an infinite and uniform system with the
periodic boundary conditions, and thus such higher har-
monics should be absent. However, it might be important
to check their absence. For this purpose, we calculate the
dynamical magnetic susceptibilities by applying a sinu-
soidal AC magnetic field. Figure 3(b) [(c)] shows the cal-
culated spectrum for H* ||y [H“||z] for § = 30°, which
has peaks at the same frequencies with that in Fig. 2, in-
dicating the absence of higher harmonic modes and the
validity of the identified eigenmodes. Note that calcula-
tions of the spatial distributions of power and phase may

provide useful information to identify the eigenmodes*2.

In addition to the resonance modes of the Bloch-type
skyrmion crystal, we also examined those of the Neel-
type and the antivortex-type skyrmion crystals. We find
that the microwave absorption spectra for these three
different types of skyrmion crystals overlap perfectly, in-
dicating that the three skyrmion crystals have resonance
modes with identical frequencies and identical intensi-
ties. However, differences appear in terms of the rotation
senses of Modes 1, 3, and 4. The rotation sense of the
antivortex skyrmion crystal is always opposite to that
of the corresponding modes of the Bloch-type and Neel-



type skyrmion crystals. Figure 4 shows snapshots of the
calculated magnetization distributions of Mode 1 for the
three types of skyrmion crystals. The rotation sense is
counterclockwise for the Bloch-type and the Neel-type,
whereas it is clockwise for the antivortex-type*?.

To close this section, it is worth mentioning that the
present study is based on a pure two-dimensional model
although real specimens have finite thickness. In a real
specimen, magnetic structures at the surfaces might be
different from those inside the specimen because mag-
netizations at the surfaces have neighbors only on one
side**45. Such surface magnetic structures might af-
fect the properties of magnetic resonances quantitatively.
However, we expect that our results will not be changed
qualitatively or semi-quantitatively even if we adopt a
three-dimensional model. In addition, the demagnetiza-
tion effects due to the magnetic dipole interactions are
not incorporated in the present study. A recent study on
the microwave-active skyrmion resonances revealed that
frequencies and amplitudes of the skyrmion modes vary
depending on the shape and thickness of the specimens
due to the demagnetization effects'®. However, the re-
sults of Ref.!6 also indicated that the demagnetization
effects do not change the properties of resonant modes
qualitatively.

IV. RESULTS OF TRANSLATIONAL MOTION

A recent theoretical study by Wang et al. discovered
that translational motion of skyrmions can be driven by
an out-of-plane microwave field H“ ||z under an inclined
magnetic field Hey through activation of their breathing
oscillations®*. Motivated by this study, we investigate
the motions of a two-dimensional skyrmion crystal driven
by several different resonance modes under the Hy field
inclined towards the = direction. In the numerical sim-
ulations, we find that the translational motion can be
driven not only by the previously examined out-of-plane
microwave field H¥||z but also by in-plane microwave
fields H“ ||z, y via activation of the rotational oscilla-
tions of the skyrmions.

Figure 5 shows snapshots of the skyrmion crystal
driven by H¥|x (right upper panel) and the same
skyrmion crystal driven by H¥|z (right lower panel)
at t=400 ns after the microwave irradiation commences.
The figure also shows the initial configuration of the
skyrmion crystal at t=0 (left panel) under application
of an inclined magnetic field Hoy=(H, tan,0, H,) with
H,=0.036 and #=30°. Here, the microwave field is given
by HYsinwt (o = x,y) with HY = 0.0006. An area
composed of 96x96 is magnified in the figure, although
the simulations are performed using a system of 96x111
sites. The displacement vectors connecting the original
position and the position at t=400 ns are indicated by
the thick arrows shown in the right-side panels. When
the microwave field H* ||« with w=0.0494 activates Mode
1 with a dominant counterclockwise-rotation component,

FIG. 5: (color online). Translational motion of Bloch-type
skyrmion crystal in a thin-plate specimen driven by mi-
crowave irradiation through activation of the resonance modes
under an inclined magnetic field Hex=(H. tan0,0, H.) with
H.=0.036 and 6=30°. Here, the microwave field is given by
Hg sinwt (a = z,y) with Hy = 0.0006. The skyrmion crystal
moves approximately towards the positive (negative) y direc-
tion when a microwave field H* ||z (H*||z) with w = 0.0494
(w = 0.0666) activates Mode 1 (Mode 2) with a dominant
counterclockwise-rotation (breathing) component. Displace-
ment vectors connecting the original position (dashed circles)
and the position after microwave irradiation for 400 ns (solid
circles) are indicated by the thick arrows in the right panels.
The motion driven by Mode 1 is much faster than that driven
by Mode 2.

the skyrmion crystal propagates in a direction close to the
positive y direction, whereas the same skyrmion crystal
propagates in a direction close to the negative y direc-
tion when H*“ ||z with w = 0.0666 activates Mode 2 with
breathing oscillations. We also find that the travel dis-
tance in the former case is much longer than that in the
latter case, which indicates that the in-plane microwave
field H“||z drives much faster motions of the skyrmion
crystal than the out-of-plane microwave field H*||z.

Next we investigate the microwave frequency de-
pendence of the velocity v=(vy,v,) of the driven
skyrmion crystal under an inclined magnetic field
H..=(H,tan6,0, H,) with H,=0.036 and 6=30°. In
Figs. 6(a) and (b), we plot the simulated w-dependence
of v, and vy, respectively, for different microwave po-
larizations where the microwave amplitude is set to be
H%=0.0006. We find that the velocities are enhanced to
have peaks at frequencies that correspond to the resonant
modes, whereas their signs vary depending on the mode.
We also find that the velocity is highest when the in-plane
microwave field HY||xz (w = 0.0494) activates Mode 1
with the dominant counterclockwise-rotation component.
In this case, the value of v, becomes ~0.04 m/s. In con-
trast, the velocity when Mode 2 is activated at w = 0.666
is highest in the case of the out-of-plane microwave field
H*“||z, where it reaches —0.01 m/s. Note that the in-
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FIG. 6: (color online). Calculated w-dependence of the ve-
locity v = (vz,vy) for translational motion of the Bloch-type
skyrmion crystal induced by a microwave field H* under an
inclined magnetic field Hex=(H, tan 6,0, H.) with H.=0.036
and 6=30°. Here the microwave field is given by HY sinwt
(a = z,y) with HY=0.0006, and w = 27 f is its angular fre-
quency. The velocities show peaks at the resonant frequencies
of the modes, while their signs vary depending on the mode.

plane microwave field H“||x drives the skyrmion crystal
approximately four times faster than the out-of-plane mi-
crowave field HY||z.

We then investigate #-dependence of the velocity of the
skyrmion crystal when driven by Mode 1 and Mode 2,
where 6 is the inclination angle of the external magnetic
field Hex=(H, tan 0,0, H,) with H,=0.036. In Fig. 7(a),

the calculated absolute values of velocity v=,/vZ + v2

are plotted for Mode 1. The velocity increases notice-
ably as 6 increases and seems to become saturated. Fig-
ure 7(b) shows the direction of propagation for different
microwave polarizations. We find that the skyrmion crys-
tal under the in-plane microwave fields HY||x,y moves
approximately in the positive y direction, irrespective of
the value of 6. In contrast, the skyrmion crystal under the
out-of-plane microwave field H ||z moves approximately
in the positive x direction when 6 is small, whereas the
propagation direction becomes slanted towards the posi-
tive y direction as 6 increases.

Figure 7(c) shows calculated speeds of v=,/vZ + vZ

for Mode 2 activated under different microwave polar-
izations. For HY|z, the velocity initially increases as
f increases to reach a maximum at #~15° and, subse-
quently, decreases gradually with increasing 6. In con-
trast, this type of peak-maximum behavior is not clear
in the HY||x,y case, but the velocity shows saturation
behavior or slight decrease after the initial increase in
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FIG. 7: (color online). (a) [(c)] Calculated 6-dependence of
the velocity v=1/v2 + vZ of the skyrmion crystal driven by a
microwave field H® through activation of Mode 1 with the
dominant counterclockwise-rotation component [Mode 2 with
breathing oscillations] for different microwave polarizations.
Here 6 is the inclination angle of the external magnetic field
H..=(H.tan 0,0, H,) with H.=0.036, and the microwave
field is given by Hg sinwt (o = z,y) with Hy=0.0006. All
velocity data are measured at the resonant frequencies of the
modes. (b) [(d)] Calculated 6-dependence of the propagation
direction of the skyrmion crystal driven by Mode 1 [Mode 2]
for different microwave polarizations.

the small 6 region. Figure 7(d) indicates that the direc-
tion of propagation under the in-plane microwave fields
H“||xz,y is approximately in the negative x direction.
In contrast, the direction of propagation under the out-
of-plane microwave field H“||z is approximately in the
negative y direction and is slanted slightly towards the
positive x direction. In both cases, the changes in the
propagation direction upon variation of 6 are small.

Note that each of the velocity data are measured at
the resonant frequency of the mode, which varies depend-
ing on the inclination angle . The #-dependence of the
resonant frequency wg for each mode is summarized in
Fig. 2(e). It should also be noted that the data shown in
Fig. 7 are calculated for the Bloch-type skyrmion crystal,
but we have examined the other two types of skyrmion
crystals as well and have found that the absolute speed
data plotted in Figs. 7(a) and (¢) do not alter. In con-
trast, the direction of propagation changes depending on
the type of skyrmion, but they are related to each other.
The plots in Fig. 7(b) and (d) also hold for the Neel-type
and antivortex-type skyrmion crystals if we replace the
definitions of ¢ in the insets. These definitions should
be replaced with those in Fig. 8(a) for the Neel-type
skyrmion crystal and those in Fig. 8(b) for the antivortex-
type skyrmion crystal.

Finally, we examine the H,-dependence of the veloc-
ity. Figure 9(a) shows the calculated absolute velocity
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FIG. 8: (color online). (a) [(b)] Definitions of the angle ¢
that describes the direction of propagation of the Neel-type
[antivortex-type] skyrmion crystal when driven by Modes 1
and 2. The 6-dependence of the direction of propagation for
the Bloch-type skyrmion crystal in Fig. 7(b) also holds for the
Neel-type and antivortex-type skyrmion crystals if we replace
the definitions of ¢ with them. Note that they are related to
each other through 90° rotation around the z axis and mirror
operation with respect to the zz plane.
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FIG. 9: (color online). (a) [(b)] Calculated H.-dependence
of the velocity v=4/v2 4+ vZ of skyrmion crystal when driven
by a microwave field H* through activation of Mode 1 with
the dominant counterclockwise-rotation component [Mode 2
with breathing oscillations] for different microwave polariza-
tions. Here H is the perpendicular component of the exter-
nal magnetic field Hex=(H.tan6,0, H.) with §=30°, while
the microwave field is given by HE sinwt (o = x,y) with
H=0.0006.

v=,/vZ +v2 of skyrmion crystal when driven by a mi-

crowave field H“ through activation of Mode 1. Here
H. is a perpendicular component of the inclined mag-
netic field Ho,=(H, tan6,0, H,) with §=30°. The mi-
crowave amplitude is again fixed at H¥=0.0006. The
plots for H“||z,y show a maximum at H, ~0.35, which
deep inside the skyrmion crystal phase, whereas the plot
for HY||z monotonically increases with increasing H.,.
In contrast, the plots for Mode 2 in Fig. 9(b) show more
complex behavior that is dependent on the microwave
polarization. Clarification of a microscopic mechanism of
these characteristic behaviors is an issue of importance,
which should be clarified in a future.

Note that the present study is based on a pure two-
dimensional model. The absolute velocities may slightly
vary depending on thickness of real thin-plate specimens
because the relative weight of influences from the surface
magnetic structures and pinning effects due to impurities,
grains and defects must differ depending on the sample
thickness. A quantitative investigation on the skyrmion
velocities in real three-dimensional specimens is left for
future studies.

V. SUMMARY

In summary, we have theoretically studied the
microwave-active resonance modes of skyrmion crystal on
a thin-plate specimen under a perpendicular or inclined
external magnetic field Hqox. We have found that while
only two rotation modes or a single breathing mode are
active under the perpendicular field, novel microwave-
active modes emerge when the Hey field is inclined. The
modes that exists originally under the perpendicular field
are enhanced or suppressed depending on the polariza-
tion of the microwave field H“. Recent studies revealed
that the collective modes of skyrmions host rich physi-
cal phenomena and may provide potentially useful device
functions, which are attracting a great deal of research
interest. As an example of these phenomena, we have in-
vestigated the microwave-driven translational motion of
a skyrmion crystal under an inclined Hey field®*. Our
numerical simulations have demonstrated that the prop-
agation velocity of skyrmion crystal is enhanced at res-
onant frequencies of the modes, while the velocity and
direction of the skyrmion propagation are sensitively de-
pendent on the activated modes. Importantly, the in-
plane microwave field that activates the dominant coun-
terclockwise rotation drives the skyrmion crystal much
rapidly than the out-of-plane microwave field that acti-
vates the breathing mode studied in Ref.?*. The knowl-
edge obtained in this study will help to open novel re-
search into the spintronics and magnonics functions of
skyrmions based on microwave irradiation.
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