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We have proposed and demonstrated the hybridization between magnon modes of a magnetic vortex pair
(MVP) of opposite chirality. The proposed magnon hybridization in MVP configurations of opposite chirality
is realized by micromagnetic simulations. It is found that the hybridization results from the coupling between
the breathing mode originating from the individual motion of a single magnetic vortex and the collective mode
arising from the overall behavior of the MVP. Then the hybridization of different magnon modes is experimen-
tally observed in the CoZr striped domain thin film systems, in which the MVP configuration exists. Moreover,
the hybridization, coupling field, and strength can be modulated by the thickness of the CoZr films, i.e., the
dimension of the magnetic vortex. Finally, we investigate the effect of different magnetic parameters on the
magnon hybridization, i.e., the exchange constant, perpendicular magnetic anisotropy constant, and saturation
magnetization. Our results may deepen the understanding of the hybridization phenomenon of magnons for

complex magnetic textures.
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I. INTRODUCTION

Hybridization in magnonic systems combines the advan-
tages of magnons of different modes (low energy consump-
tion, high coherence, the ability to carry different angular
momentum, etc.) to provide a promising solution for coherent
information storage [1-5]. Hybridization between magnons
facilitates the magnonic application of coherence for infor-
mation transfer and processing in quantum information and
quantum computing [6—-10]. Magnon hybridization has been
extensively investigated in many magnetic systems, such as in
ferromagnetically coupled multilayer systems [11-14], syn-
thetic ferrimagnetic/antiferromagnetic systems [15-17], and
single-crystal magnetic thin film systems [18,19]. In recent
years, magnetic textures have attracted special attention due
to their potential applications in high-density magnetic data
storage [20], magnetic field sensors [21], and logic computing
devices [22,23]. Nowadays, vortices are seen at all scales,
not only in superconductors and quantum fluids but also in a
typical magnetic texture [24—28]. Furthermore, vortices have
been found to have a strong influence on the properties of
many materials, including superconductors and ferromagnets
[29-34]. Li et al. [27] and Luk’yanchuk et al. [28] discov-
ered polar vortices in electrically polarized materials, i.e., a
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ferroelectric superlattice, and investigated the dynamics of
these polarization patterns. However, the hybridization phe-
nomenon of magnon of vortices in magnetic materials has not
been fully investigated.

Different from the single-domain state, the complex mag-
netic structure (e.g., magnetic vortex and skyrmion) has a
special magnetic moment distribution and an intrinsic exci-
tation spectrum, so the dynamics under the applied magnetic
field are more complex. Due to the different dispersion
relationships of different spin-wave modes in magnetic vor-
tices [35] or breathing and rotation modes in skyrmion
lattices [36-38], there should also exist regions of dispersion
crossover, which could result in mode hybridization. Con-
sequently, here, we consider a magnetic vortex pair (MVP)
comprising two magnetic vortices with either the same or
opposite chirality, left- and right-handed magnetic vortices
[39,40], as schematically shown in Figs. 1(a) and 1(b). There
are two types of magnon modes with different dispersions
for the MVP. For an individual vortex, the breathing mode
[36,41], as shown in (i) of Fig. 1(c), each magnetic vortex
nucleus expands and shrinks temporally. For the MVP, on the
other hand, a collective behavior will present, where all the
magnetic vortices swing out-of-phase or in-phase from side to
side regularly for MVPs with the same or opposite chirality,
as shown in (ii) and (iii) of Fig. 1(c), respectively. In other
words, MVPs have different magnon modes depending on the
comprising vortex with the same or opposite chirality. The
frequency of the breathing (collective) mode is inversely (pos-
itively) dependent on the external magnetic field. Therefore, a
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FIG. 1. Schematic diagram of the magnetic vortex pair (MVP): (a) the same chirality and (b) the opposite chirality. The external and
excitation fields are along the z direction. (c) Schematic diagram of magnon modes: (i) the breathing mode of individual vortex; the collective
mode of the MVP with (ii) the same and (iii) opposite chirality. (d) Frequency-field dispersion relation for bare magnon modes. Inset presents

the anticrossing resulting from the hybridization.

hybridization between these two magnon modes is expected,
as schematically shown in Fig. 1(d). Therewith, we realized
magnon hybridization for MVPs with opposite chirality by
micromagnetic simulations. From the experimental point of
view, arrays of chiral opposite MVPs exist, while arrays of
the same chiral MVPs cannot stably exist due to the strong
exchange interaction of the spins between the MVPs (for more
details, see Fig. S2 in the Supplemental Material (SM) [42];
Fig. S1 in the SM [42] shows the simulation results of the
single magnetic vortex).

Subsequently, the numerically observed phenomenon of
magnon hybridization is experimentally demonstrated in mag-
netic thin films with MVP configuration. In striped domains,
the arrangement of the magnetic moments is vortexlike since
the stripes in striped domain films are separated by a Bloch
wall in the center and a Néel wall on the film surfaces. Conse-
quently, analogizing to polar vortices [27,28], we would use a
magnetic vortex to describe the magnetization distribution at
the cross-section of striped domain structures. Previously, it
was found that different dynamic resonance modes existed in
magnetic thin film systems with striped domains [43-49]. For
example, Camara et al. [49] investigated multiple eigenmodes
in the evolution of striped domains in an «’-FeN thin film by
using different techniques and experimental configurations.
The evolution of these modes is accompanied by different
spatial localizations in specific regions, such as closure do-
mains at the surface of the stripes and bulk domains inside
the stripe. Here, from the view of different modes of the
overall precession of the magnetic moment, we investigate the
hybridization of different magnon modes by employing CoZr
striped domain thin film systems with MVP structure.

II. MICROMAGNETIC SIMULATION

Micromagnetic simulations are performed by using MU-
MAX3 [50]. The simulated structure has dimensions of 200 x

200 x 10nm? along the x, y, and z axes, as shown in
Fig. 2(a), respectively, and is divided into 80 x 80 x 1
cells. Periodic boundary conditions are applied along the x
and z axes. The magnetic parameters used are as follows:
M, =8 x 10° A/m, exchange constant A = 1.0 x 107! J/m,
and damping constant « = 0.01. The perpendicular mag-
netic anisotropy constant K, is set to 2.8 x 10*J/m? along
the y axis. The static magnetization is relaxed from a
pair of magnetic vortices with opposite chirality. To ex-
cite the magnon modes of vortices, a driving field h(z) =
hosin[27 f.(t — t9)]/[27 f.(t — ty)] is applied along the 7 axis,
where the cutoff frequency f. = 100 GHz, the offset time
to = 0.05 ns, and the amplitude hy = 5 mT. The magnonic
spectra can be obtained by performing the Fourier transform
of the x component of the spatially averaged magnetization
m,(1).

Figure 2(a) shows the static magnetization distribution of
MVPs with opposite chirality in our simulation, and the dis-
tance between adjacent magnetic vortices is d. To simulate
the actual situation, d = O here, and the simulation results of
other d are shown in Figs. S2(f)-S2(j) in the SM [42]. The
simulated f-H dispersions under the longitudinal excitation,
i.e., the applied magnetic field is parallel to the microwave
magnetic field, are presented in Fig. 2(b). An anticrossing
character is observed at uoH = 12.8 mT. Since coupling ap-
pears at the cross point of the breathing mode (blue dashed
line) and collective mode (orange dashed line) of vortices,
we speculated that the coupling is attributed to the hybridiza-
tion of the above two magnon modes. The strength of the
hybridization between the two resonances is defined as the
coupling strength g/27. By Lorentzian fitting of the simulated
original spectral (see Fig. S3 in the SM [42]), we can obtain
8/2m = (Af/2)nin = 0.48 GHz, where Af is the difference
between the frequencies of the two magnon modes. To clarify
the formation of coupling, we calculate four profiles of the
vortex mode at selected fields and frequencies marked as I-IV
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FIG. 2. (a) Static magnetization distribution of magnetic vortex pair (MVP) with opposite chirality. The external field is along the z
direction. (b) Contour plots of simulated f-H dispersion under the longitudinal excitation. The level repulsion with splitting g/27 = 0.48 GHz
is observed at uoH = 12.8 mT. The blue and orange dashed lines indicate bare breathing and collective modes, respectively. (c) Temporal
snapshots of magnon mode of MVP of opposite chirality at various H and f as marked in (b) by I-IV.

in Fig. 2(b). For mode I, as shown in the first row of Fig. 2(c),
the breathing mode is observed where the area of each vortex
expands and shrinks dynamically. For mode II, as shown in the
second row of Fig. 2(c), the collective mode is observed where
each vortex swings in-phase. As shown in the last two rows of
Fig. 2(c), mode III/IV exhibits a superimposed pattern of the
breathing and collective modes in one period. Modes III and
IV are hybridized between I and II. From simulated results,
for the magnetic film with magnetic vortex structures having
two magnon modes at zero field, the high-frequency branch
originates from the breathing mode generated by the motion
of a single magnetic vortex, and the low-frequency branch
derives from the collective mode induced by the whole motion
of all the magnetic vortices, and both modes are present in the
hybridized region.

III. EXPERIMENTAL RESULTS

Next, we experimentally studied the magnon hybridization
of the MVP configuration in CoZr thin film with striped
domains by using ferromagnetic resonance (FMR) measure-
ment. A series of CoZr thin films was prepared with various
thicknesses of 180, 210, 240, 270, and 300 nm, which were
magnetron sputtered on single-crystal Si (100) substrates. The
magnetization hysteresis loops and magnetic domain images
for the samples of different thicknesses are shown in Fig.
S5 in the SM [42]. (The basic magnetic parameters for all
the samples are gathered in Table S1 in Sec. S6 in the SM
[42].) The dynamic magnetic characterization of the samples,
i.e., frequency-dependent permeability spectra, was measured
by using a vector network analyzer (Agilent PNA E8363B,
USA) equipped with a short-circuited microstrip line at room
temperature [51,52], which covers the frequency range of
0.1-9 GHz. The setup of FMR measurement is schematically
shown in Fig. 3(a), with the long brown bar as the microstrip
line. We saturated the sample beforehand and then placed it on
the microstrip line under the state of remanent magnetization
to ensure that the applied magnetic field was parallel to the
direction of the MVPs. By varying the angle 6 between the
microwave and the applied magnetic field in Fig. 3(a), we
performed measurements with longitudinal, 45°, and trans-
verse excitations, i.e., 8 was 0°, 45°, and 90°, respectively,

where the longitudinal excitation allows modes in which the
amplitude of the magnetic moments cancel each other and still
couple with the microwave field and resonate with significant
absorption peaks [53].

To measure the magnon hybridization phenomena, we have
conducted a systematic study of CoZr thin film with thickness
of 240 nm. The magnetic force microscope (MFM) measured
magnetic domain image of CoZr thin films in the remanent
magnetization state is shown in Fig. 3(b); this is consistent
with our previous result [54]. The color code represents the
value of the resonant frequency Af of the scanning probe
in the MFM, reflecting the magnitude of the out-of-plane
component. Then we measured the permeability spectra un-
der different experimental configurations (different 6) and
magnetic fields using the setup as shown in Fig. 3(a). The
imaginary parts of the permeability spectra for several rep-
resentative magnetic fields under the longitudinal excitation
are shown in Fig. 3(c); all the spectra under different mag-
netic fields have two resonance peaks. With the magnetic
field increasing, the two modes move gradually close to each
other and reach the minimum at 17.95 mT, and then the
two modes gradually separate again. The amplitudes of the
two resonance peaks are exchanged along with the magnetic
field. To present the hybridization phenomenon of the two
modes in the MVP array more intuitively, we carried out
measurements of the permeability spectra under the denser
swept magnetic field of the 240 nm CoZr thin film, as shown
in Figs. 3(d)-3(f). From Fig. 3(d), an obvious anticrossing
of the two modes is observed at 17.95 mT, and g/2mw =
0.70 GHz, i.e., the two modes undergo hybridization under
a certain magnetic field. The g/2m is greater than the relax-
ation rate (frequency linewidth) of the two magnon modes
far away from the avoided crossing. Therefore, the coupling
is recognized as strong coupling in this paper. (More details
can be found in Fig. S4 in the SM [42].) These results are
qualitatively consistent with the observations of simulation
shown in Fig. 2. In addition, we changed the relative ori-
entations of the microwave magnetic field and the magnetic
domains (i.e., the external magnetic field). Under transverse
excitation [Fig. 3(f)] at zero field, both modes increase with
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FIG. 3. (a) Schematic diagram of the ferromagnetic resonance (FMR) measurement, where 6 is the angle between the applied magnetic
field and the microwave magnetic field. (b) The measured magnetic force microscope (MFM) image of the CoZr thin film with thickness of
240 nm at zero field. The colors represent the values of Af obtained from MFM measurements and indicate the magnitude of the out-of-
plane component of the film magnetization. (c) Representative spectra measured at different magnetic fields under the longitudinal excitation.
Contour plots of permeability spectra of the CoZr thin film with thickness of 240 nm under different 6: (d) 0°, (e) 45°, and (f) 90°.

the magnetic field and eventually merge into one mode. Mi-
cromagnetic simulation results indicate that the hybridization
under transverse excitation may come from the hybridization
of the breathing accompanying the relative motion in the y
direction and collective mode (details are given in Sec. S5 in
the SM [42]). When 6 is 45°, as shown in Fig. 3(e), the pure
superposition of the mode hybridization phenomenon under
longitudinal and transverse excitation, i.e., the hybridization,
does not occur between the longitudinal and transverse exci-
tation configurations.

IV. DISCUSSION

Comparing Figs. 3(d)-3(f), we can see that, under longi-
tudinal excitation [Fig. 3(d)], there are some weaker modes
such as 2.4 and 5 GHz and a higher-frequency mode for larger
magnetic fields, which mainly originate from the projection of
the low-frequency branch and are identical to the correspond-
ing modes under transverse excitation. The reason is that it
is difficult in nature to ensure the microwave and the applied
magnetic field are completely parallel and the orientation of
the magnetic domains is completely consistent during the
experiments. This can be confirmed by both the absence of
these weaker peak in the results of simulations [Fig. 2(b)]
and the other thickness samples in Fig. 4 under longitudinal
excitation.

For CoZr thin films, different thicknesses correspond to
different sizes of magnetic vortices. Therefore, we have also
performed measurements on CoZr thin films with different
thicknesses, as shown in Figs. 4(a)—4(e). For all five samples,

two resonance modes are observed at zero magnetic field with
the presence of anticrossing in the f-H dispersion. Hence, the
robustness of the magnon hybridization is confirmed in all
samples of various thickness. We extracted the hybridization
field and strength from the dispersion of all samples, as shown
in Fig. 4(f); with the increase of the sample thickness, the
coupling magnetic field increases monotonically, which is
consistent with the trend of the saturation magnetic field (see
Fig. S7 in the SM [42]), while the coupling strength increases
first and then decreases with a small range of variation, in-
dicating that the size of the magnetic vortex does not have a
significant role in regulating the coupling strength. (More data
for samples of other thicknesses at different 6 can be found in
Sec. S9 in the SM [42].)

Apart from the apparent magnon hybridization of the low-
frequency mode, we have found that there is also a weak
hybridization at high frequencies ~8 GHz from the experi-
mental and simulation results, as shown in Figs. 4(c)—4(e).
The appearance of the high-frequency mode was also pre-
sented in previous work [49], in which it was argued that,
under longitudinal excitation, these modes are preferentially
localized in the basic domains, where the local magnetization
is perpendicular to the surface plane. Therefore, they label
them as n-basic domain (n-BD) modes. On further reducing
the applied field, the higher-order BD modes appear at specific
values of the external field, and all of them are localized when
they start to exist in the inner part of the stripes. We have
investigated the magnon hybridization of the high-frequency
mode using micromagnetic simulations with magnetic vor-
tices (for more details, see Sec. S7 in the SM [42]). From
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FIG. 4. Contour plots of measured permeability spectra for CoZr thin film with different thicknesses under the longitudinal excitation: (a)
180 nm, (b) 210 nm, (c¢) 240 nm, (d) 270 nm, and (e) 300 nm. (f) The coupling field and strength as a function of film thickness.

the simulation results, we speculate that the phenomenon
under longitudinal excitation originates from the hybridiza-
tion between the different modes of the overall procession
of the magnetic moments, i.e., the higher-order magnon hy-
bridization under longitudinal excitation originates from the

hybridization of the higher-order collective modes. The details
could be studied in further work.

Additionally, to better understand the coupling phe-
nomenon of the magnon hybridization in the magnetic vortex,
we have also investigated the effect of different magnetic
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FIG. 5. Contour plots of simulated f-H dispersion at different parameters compared with Fig. 2(b) under the longitudinal excitation.
Fig. 2(b): A =1.0 x 107" J/m, K, =28 x 104J/m3, M, =8x 10’ A/m,(a)A =12 x 10~ J/m with M; and K|, constant, (b) K, = 4.2 x

10*J/m? with A and M, constant, (c) M, = 1 x 10° A/m with A and K,

parameters (d) A, (e) K,,, and (f) M.

constant. The coupling field and strength as a function of different
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parameters (exchange constant A, perpendicular magnetic
anisotropy constant K, and saturation magnetization M;) on
the coupling strength compared with Fig. 2(b) under the
longitudinal excitation using micromagnetic simulations, as
shown in Fig. 5. The parameters of Fig. 2(b) are A = 1.0 x
107" J/m, K, =2.8 x 10*J/m?, and M, =8 x 10° A/m.
Then we singly varied different A, K, and M, respectively,
where Figs. 5(a)-5(c) are A = 1.2 x 107! J/m with M, and
K, constant, K, = 4.2 x 10* J/m3 with A and M, constant,
and M, =1 x 10° A /m with A and K, constant, respectively.
(See Sec. S8 in the SM [42] for more details.) Extracting
the data therein, we can obtain the relationship between the
coupled magnetic field and strength with A, K, and M, re-
spectively, as shown in Figs. 5(d)-5(f). The coupled magnetic
field decreases with the increase of A, while the coupling
strength is almost constant, which is basically consistent with
the variation in Fig. 4(f) because different domain widths have
different A. With the increase of K, the coupled magnetic field
gradually increases, while the coupling strength gradually de-
creases. With the increase of M, the coupled magnetic field
slightly decreases, while the coupling strength monotonically
increases. Therefore, to get a larger coupling strength in the
experiment, we need to have a moderate K, and a large M.
This is certain guidance for the experiment.

V. SUMMARY

In conclusion, the hybridization between different magnon
modes of MVPs has been numerically and experimentally
demonstrated. The simulation results demonstrated that the

observed hybridization is attributed to the coupling between
the individual breathing mode and the collective mode of
the MVP. Experimentally, we confirmed the magnon hy-
bridization in CoZr thin films with striped domain by using
longitudinal excited FMR measurement. It is further found
that the hybridization is highly dependent on the size of
magnetic vortex, which is experimentally confirmed by CoZr
thin films with different thicknesses. Finally, it can be nu-
merically obtained that the exchange constant does not affect
the coupling strength, while the smaller the perpendicular
magnetic anisotropy constant and the larger the saturation
magnetization, the larger the coupling strength, which will
have a certain guiding in enhancing the strength of the magnon
hybridization of the MVP in the experiment. Our findings of
the hybridization between different magnon modes of MVPs
might open a way to study the interaction of magnons based
on complex magnetic textures.

The data that support the findings of this paper are available
from the corresponding author upon reasonable request.
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