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Abstract

Magnetic skyrmions have attracted attention as particle-like swirling spin textures with nontrivial
topology, and their self-assembled periodic order (i.e., skyrmion crystal (SkX)) is anticipated to host
unique magnonic properties. In this study, we investigated magnetic resonance in the quenched SkX
state, which is obtained by the rapid cooling of the high-temperature equilibrium SkX phase in the
chiral magnetic insulator CusOSeO3. At low temperatures, novel sextupole and octupole excitation
modes of skyrmions are identified, which are usually inactive for oscillating magnetic fields B¥ with
GHz-range frequency v but turn out to be detectable through the hybridization with the B¥-active
counter-clockwise and breathing modes, respectively. The observed magnetic excitation spectra
are well reproduced by theoretical calculations, which demonstrates that the effective magnetic
anisotropy enhanced at low temperatures is the key for the observed hybridization between the

BY-active and BY-inactive modes.



30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Magnetic skyrmions, i.e. nanometric vortex-like swirling spin textures with topologically

stable particle character, have attracted enormous attention'™

. Skyrmions can appear in
form of either isolated particles or a periodically ordered state (i.e. skyrmion crystal (SkX)
(Fig. 1(b))), and are usually stabilized in noncentrosymmetric magnets with Dzyaloshinskii-
Moriya (DM) interaction in the presence of a static external magnetic field By. In metallic

systems, skyrmions can be controlled by an electric current®

, and their nontrivial topology
causes various intriguing transport phenomena such as a topological Hall effect'®!!. Be-
cause of their electric controllability and small particle-like character, skyrmions are now
intensively studied as promising components for the realization of high-density information
storage® 1213,

Recently, skyrmions are also recognized as unique building blocks in the field of magnonics'*,
and the detailed investigation of their resonant dynamics is highly demanded. Since the
SkX state can be considered as a natural self-assembled magnonic crystal, the appearance of
various nontrivial excitation modes is expected due to the backfolding of the spin wave dis-
persion. In previous magnetic resonance experiments, the equilibrium SkX state is reported
to host three distinctive excitation modes, i.e., the clockwise (CW) and counter-clockwise
(CCW) rotational modes that are excited by an oscillating magnetic field B¥ L By, as
well as the breathing mode active to B” || By (Fig. 2(c))** . On the other hand, recent
theoretical studies also predict the emergence of numerous B-inactive excitation modes
characterized by n-fold (n = 2, 3,4, ...) shape deformations of skyrmions'*?*22 while their
experimental identification has hardly been achieved in the SkX state.

In this study, we report the clear experimental identification of the novel sextupole (n = 3)
and octupole (n = 4) excitation modes in the quenched SkX state, which is obtained by the
rapid cooling of the high-temperature equilibrium SkX phase for the chiral lattice insulator
Cuy0Se03. We found that B”-inactive sextupole and octupole modes hybridize with the B”-
active CCW and breathing modes, respectively, and therefore become detectable by magnetic
resonance experiments. Theoretical calculations demonstrate that magnetic anisotropies,
which reduce the rotational symmetry of the effective theory, are at the origin of the observed
hybridization between the BY-inactive and BY-active modes.

Our target material CuyOSeQOs is characterized by a chiral cubic crystal structure with
space group P2;3. This compound is known as the first insulating material to host skyrmion

23,24

spin textures , and has been utilized as the prototypical system to study the magnon spec-
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trum in the SkX state. Figure 1(a) indicates the By-T" (temperature) magnetic phase diagram
for CupOSeO3. The DM interaction stabilizes the helical magnetic order as the ground state
for By = 0, and the equilibrium SkX state, hosting the triangular lattice of skyrmions (Fig.
1(b)), appears in the narrow By-T' region just below the magnetic ordering temperature
T, ~ 58 K. Recently, the appearance of another low-temperature skyrmion phase has also

22,25-27

been reported for the high- By region below 10 K (not shown) , where the formation of a

long-range ordered skyrmion lattice structure is however hampered by very long equilibration

timeg22:25:26

. The latest magnetic resonance experiment in this low-temperature skyrmion
phase suggests the potential observation of an octupole (n = 4) excitation mode*?, while
the emergence of numerous extra modes (probably due to the disordered nature of skyrmion
arrangement) prevented the clear mode assignment and quantitative analysis. Here, to re-
alize a genuine SkX state at low temperature, we have prepared a micrometer-sized small
crystal of Cup0SeO3 (Fig. 1(c)), and rapidly cooled (~ 5 K/min) the high-temperature
equilibrium SkX state following the path in the phase diagram indicated by the arrow in
Fig. 1(a). Through this process, the SkX state can be kept down to the lowest temperature

28,29 since the reduction of the sample volume suppresses the nucle-

as a metastable state
ation probability of the competing helical/conical phase. Notably, it has been reported that
the quenched SkX state in CuyOSeQs is long-range ordered?®, which would thus allow clear
observation of the hybridization in the magnon spectrum. For such a quenched SkX state,

we have performed the magnetic resonance experiments.

The bulk single crystals of Cuy;OSeO3 were grown by the chemical vapor transport
method. The device structure for the microwave absorption spectroscopy is shown in Figs.
1(c) and (d). A gold (Au) coplanar waveguide was prepared on the silicon substrate, and a
plate-shaped Cuy,0OSeQOj single crystal with a thickness of 1 pm was mounted on the wave-
guide by using a focused ion beam (FIB) micro-fabrication system equipped with a scanning
electron microscope (SEM). The sample was fixed by tungsten (W) bonding at one corner
to avoid the tensile strain due to the mismatch of the thermal expansion coefficients at low
temperature. By injecting an oscillating electric current I” with frequency v into the wave-
guide, an oscillating magnetic field B is generated and magnetic resonance is induced in the
neighboring Cu,OSeO3 sample. The microwave absorption caused by magnetic resonance
AS1(v) = S11(v) — Sif(v) was derived by subtraction of the common background S¥$f(v)

(taken at off-resonant condition for the target frequency range) from the raw reflection spec-

3
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tra S11(v), which were measured by a vector network analyzer'%1"19 The static magnetic
field By was applied perpendicular to the plane of the waveguide (i.e. parallel to the out-of-
plane [001] direction of the sample). In this configuration, both modes active to B” || By as
well as BY 1 By can be excited. Note that the main excitation for the waveguide pattern
in Fig. 1(c) lies at wavenumber k = 0.25um™!, which is very close to k = 0 with respect
to the Brillouin zone; therefore, magnetic resonance experiment here probes the response at
practically zero momentum.

Figure 2(a) shows the magnetic field dependence of microwave absorption spectra mea-
sured in the metastable SkX state at 20 K after the field cooling through the path, indicated
in Fig. 1(a). Here, mainly three distinctive magnetic resonance modes are identified. The
high- and low-frequency modes with positive By slopes correspond to the CW and CCW
rotational modes, respectively, and the intermediate-frequency mode with negative By slope
represents the breathing mode. These behaviors are consistent with previous reports of the

1517 “which confirms the realization of a pure SkX state at 20 K.

equilibrium SkX state

Interestingly, at this low temperature, we have discovered a clear splitting of the breathing
mode at around v ~ 4 GHz and By ~ 120 mT. The expanded view of the corresponding
v-By region is shown in Fig. 3(a). The associated microwave absorption spectra, measured
at various By-values, are indicated in Fig. 3(c). They can be fitted well by a single or
two Lorentzian functions. In particular, two resonant excitation modes are identified for the
By-value between 130 mT and 115 mT, whose peak frequencies are highlighted by triangular
symbols. These two modes show anti-crossing-like behavior around 120 mT, while one other
mode crossing the breathing mode loses the spectral intensity rapidly as departing from the
crossing point.

To understand the microscopic origin of such an anomaly in the breathing mode, we have
theoretically evaluated the magnetic excitation spectra in the SkX state. Here, we consider

the density F = Foy + Faip + Feup of the magnetic energy functional in the continuum

approximation, with its first term given by
J 2
Fo= E(Vm) +Dm - (V xm)— M;Bg - m. (1)

J, D, and M, are the exchange interaction, DM interaction and saturation magnetization,
respectively. Bg = poHg where g is the magnetic constant and Hy is the externally applied

magnetic field, and m(r) is the unit vector pointing along the direction of the local magnetic

4
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moment. Fg;, and Fe,p, represent the dipolar interaction and the cubic magnetic anisotropy.
Fo+Faip is symmetric with respect to a combined continuous rotation in real and spin spaces
around the magnetic field axis. This rotational symmetry is explicitly broken by F.,, which
induces a hybridization between modes as demonstrated below. In the following, we restrict
ourselves to magnetocrystalline anisotropies represented by Fou, = —K (m? + mi +m?), but
similar results can be obtained for exchange anisotropies. For the present calculation, we
employed the J, D, and M, values specified for CuyOSeOs in Ref.'® and a modest amplitude
of anisotropy K = 0.1D?/J. The demagnetization factor is deduced from the sample shape,
and By is applied along the z-axis. Following the theoretical approach of Refs.!”!% the theo-
retically expected By-dependence of resonance parameters in the SkX state are calculated as
shown in Fig. 2(b). Here, the size of each colored data point denotes the excitation amplitude
for BY, and the calculated frequencies of CCW, CW, and breathing modes are quantitatively
in good agreement with the experimental result. Importantly, the hybridization between the
B¥-active breathing mode and another B-inactive excitation mode is clearly identified at
v ~ 4 GHz and By ~ 120 mT, which well reproduces the experimentally observed anomaly
in the excitation spectra for the breathing mode. To understand the character of the latter
BY-inactive skyrmion excitation mode, the corresponding time development of the m,(r)
distribution is indicated in the middle column of Fig. 2(c). This mode induces the four-fold
deformation of the skyrmion spin texture, and its pattern shows a continuous rotation as
a function of time. Such an octupole skyrmion excitation mode is usually inactive for B",
due to the lack of a macroscopic magnetization oscillation?'. By hybridizing with another
BY-active mode, however, this B”-inactive excitation mode becomes detectable by magnetic

resonance measurements.

Notably, the present calculation also predicts the hybridization between the B"-active
CCW mode and the B¥-inactive sextupole mode at v ~ 2 GHz and By ~ 130 mT, where the
sextupole mode is characterized by the three-fold deformation of the skyrmion spin texture as
shown in the leftmost column of Fig. 2(c). Such a hybridization behavior is indeed observed
in the experiments, and the expanded view of the corresponding v-B, region is shown in
Figs. 3(b) and (d). The associated microwave absorption spectra can be well fitted by a
single or two Lorentian functions, and the two-peak structure due to the hybridization can
be identified at By = 125 and 130 mT. Here, we defined the hybridization gap A as the

minimum difference of the two peak frequencies as shown in Fig. 4(a). The experimentally
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deduced A ~ 130 MHz for the CCW /sextupole modes is much smaller than A ~ 370 MHz
for the breathing/octupole modes, which is also consistent with the theoretical prediction
in Fig. 2(b).

Next, we investigated the temperature dependence of the hybridization behavior between
the breathing and octupole modes as shown in Figs. 4(c)-(h). As the temperature increases,
the hybridization gradually becomes obscure. Figure 4(a) shows the microwave absorption
spectra at the By value, giving the hybridization gap A at each temperature. The peak
frequencies are determined from the spectral fitting with a double Lorentzian function (solid
lines in Fig. 4(a)). With increasing temperature, the frequencies of two peaks get closer
and finally merge into a single peak above 40 K. Figure 4(b) indicates the temperature
dependence of the observed hybridization gap A, which demonstrates the clear enhancement

of A at lower temperatures.

To understand the microscopic origin of the observed hybridization behavior and its tem-
perature dependence, resonance parameters theoretically calculated for various K values in
units of D?/J are summarized in Fig. 5. We found that the hybridization for the breath-
ing/octupole modes and the CCW /sextupole modes is absent for K = 0, while the size
of the hybridization gap A gradually increases as a function of K. According to previous
reports for Cuy,OSeOs, the cubic magnetocrystalline anisotropy K monotonously increases
with decreasing temperature below 40 K2, which is consistent with the observed enhance-
ment of A below 40 K. Using the reported K-value in Ref.?%, we theoretically calculated
the hybridization gap A as a function of temperature, as shown in Fig. 4(b). This provides
a parameter-free prediction for A(T') that is, however, smaller than the experimentally ob-
served one by a factor of 2-3. Note that besides K there are additional contributions that
also break the rotational symmetry and are of the same fourth order in spin-orbit coupling.
In particular, exchange anisotropies will also result in a hybridization gap. In principle, a
systematic treatment of all anisotropies is required in order to account quantitatively for the
temperature dependence of A. However, such a treatment involves many parameters that
cannot be uniquely determined by the experimentally accessible A(T') so that we refrain
from such an analysis. Nevertheless, we can conclude from the above results that the cubic
magnetic anisotropy is the main source of the observed hybridization, while for a consis-
tent quantitative treatment of both thermodynamics?®® and the excitation dynamics both

magnetocrystalline and exchange anisotropies need to be taken into account.
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142021 Bv_inactive n-fold shape-deformation

According to recent theoretical studies
modes are expected not only for the presently observed n = 3 (sextupole mode) and n = 4
(octupole mode) but also for general integer n-values, where the eigenfrequencies increase for
larger n. Our results suggest that the other n-fold deformation modes of skyrmions may be
also detectable through a similar hybridization approach by tuning the material parameters.
Notably, these n-fold deformation modes are predicted to possess a nontrivially flat magnon
dispersion within the two-dimensional SkX plane. This implies an anisotropic channeling
effect for spin waves, where the magnons are localized along the SkX-plane direction and
only propagate along the skyrmion string direction. In addition, some excitation modes
in the SkX state are also predicted to host non-zero topological Chern numbers!42%:21 Tt
would be interesting to investigate the Berry curvature and associated Chern number for
the hybridized magnon modes, which is related to various intriguing phenomena such as a
topological magnon Hall effect and magnon edge states.

In summary, by performing magnetic resonance experiments in the quenched SkX state,
we have identified novel sextupole and octuple excitation modes of skyrmions. These modes
are usually B”-inactive, but turned out to be detectable through the hybridization with
B”-active CCW and breathing excitation modes, respectively. Compared to the artificial
magnonic crystal, the self-assembled SkX state is characterized by a unique magnon spec-
trum with quantum numbers reflecting the degrees of freedom of a topologically protected
particle-like spin texture. Since the associated excitation modes are predicted to host var-

ious exotic properties (such as flat magnon dispersion and/or nontrivial topological Chern

number!4:20:21)

, further investigation of the propagation dynamics of such hybridized magnon

modes in the SkX state, which would be possible by propagating spin-wave spectroscopy>’:3!

32-34

or Brillouin light scattering , is an attractive field of future research.
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FIG. 1. (a) Magnetic field (Bp)-temperature (T") phase diagram for the field-cooling path shown
by the arrows, determined by microwave absorption spectroscopy for CusOSeOs with By || [001].
(b) Schematic illustration of a skyrmion crystal (SkX) spin texture. (c) SEM image of the device

structure used for the microwave absorption spectroscopy. (d) Schematic side view of the device

structure.

pointing along the out-of-plane direction] into the Au coplanar waveguide, an oscillating magnetic

field BY is generated and magnetic resonance is excited.

11

By injecting an oscillating electric current I” of gigahertz frequency [black arrows



(a) jas,| (b)

5F 1 0.10 5
N N
T \ 0.08 I
O 4t 1 Q4
§ % 0.06 ;;
Q (0]
237 1/t004 33
e e
a 2 / 0.02 ™ 5

— 20K 1] 1 0o
80 100 120 140 160 180 80 100 120 140 160 180
Field (mT) Field (mT)

(©) Sextupole CCW Octupole Breathing CW

v/2T= vA=l 0=/

17525

B'-inactive B”1B, B'-inactive B'||B,
-« ®

%
1 =

=
®
=

FIG. 2. (a) Magnetic field dependence of microwave absorption spectra in the SkX state for
By || [001] at 20 K. The background color represents the microwave absorption intensity |AS11(v)|.
(b) Theoretically calculated magnetic excitation spectra as a function of By || [001], with the cubic
anisotropy parameter K = 0.1D2/J (see main text). The size of each colored point represents
the excitation amplitude for BY. (c) Time(t)-development of the spatial distribution of m(r) (the
out-of-plane component of local magnetization) calculated for various excitation modes in the SkX
state. 7 represents the oscillation period. The polarization direction of B” to excite each resonance

mode is also indicated at the bottom.
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FIG. 3. (a),(b) The expanded view of Fig. 2(a) for the By-v region representing the hybridization
for (a) breathing/octupole modes and (b) CCW /sextupole modes at 20 K. (c),(d) Microwave
absorption spectra corresponding to (a) and (b). The peak frequencies (triangles) are extracted

from the spectral fitting with Lorentz function. The fitting curves are drawn by solid lines.
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FIG. 4. (a) Microwave absorption spectra for By giving the minimum value of the frequency
difference between two peaks at each temperature. Solid lines are the results of the fitting with
double Lorentz function. (b) Temperature dependence of the hybridization gap A for the breath-
ing/octupole modes. (c)-(h) The hybridization of breathing/octupole modes at (c¢) 10 K, (d) 15 K,
(e) 20 K, (f) 25 K, (g) 30 K, and (h) 35 K. Peak frequencies determined from the spectral fitting

are depicted by triangles.

14



(b) K=0.1D2/J (c) K=0.2D%.J

5 / .'..'-.__..-" ------..__: 5 / _.-.....
N N N
s T T
) ) )
> > >
Q Q Q
= =i £
Q Q Q
& & &
e = 2
=5} — &5}
______ 2F |
........... CCW
80 100 120 140 160 180 80 100 120 140 160 180 80 100 120 140 160 180
Field (mT) Field (mT) Field (mT)

FIG. 5. Theoretically calculated magnetic excitation spectra as a function of By || [001], with the
cubic anisotropy parameter (a)K = 0, (b)K = 0.1D?/J and (c)K = 0.2D?/J. The size of each

data point represents the excitation amplitude for B”.
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