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Moiré superlattices have recently been extensively studied in both electronic and photonic sys-
tems, e.g. magic-angle bilayer graphene showing superconductivity and twisted bilayer photonic
crystals leading to magic-angle lasers. However, the Moiré physics is barely studied in the field of
magnonics, i.e. in using spin waves for information processing. In this work, we report magnon
flat band formation in twisted bilayer magnonic crystals at the optimal “magic angle” and inter-
layer exchange coupling combination using micromagnetic simulations. At the flat-band frequency,
magnons undergo a strong two-dimensional confinement with a lateral scale of about 185 nm. The
magic-angle magnonic nanocavity occurs at the AB stacking region of a Moiré unit cell, unlike
its photonic counterpart which is at the AA region, due to the exchange-induced magnon spin
torque. The magnon flat band originates from band structure reformation induced by interlayer
magnon-magnon coupling. Our results enable efficient accumulation of magnon intensity in a con-
fined region that is key for potential applicationssuch such as magnon Bose-Einstein condensation
and even magnon lasing.

I. INTRODUCTION

Two layers of two-dimensional (2D) lattices placed on
top of one another with a small twist angle can gen-
erate a new periodicity much larger than the original
lattice constant, referred to as a “Moiré superlattice”.
Moiré superlattices of 2D materials, such as twisted bi-
layer graphene [1–9] are found to exhibit superconduc-
tivity [10] and correlated insulator states [11], and there-
fore have attracted tremendous interests in the emerging
field of twistronics based on van der Waals layered ma-
terials. At the “magic angle” of approximately 1.1◦ of
the Moiré superlattices, the Fermi velocity turns to zero
and the energy band near the Fermi level becomes flat
in twisted bilayer graphene leading to exotic electron-
ics states. The concept of twistronics is also applied in
photonics, where twisted bilayer photonic crystals [12–
14] shows flat bands at small magic angles resulting in
highly localized photonic modes with potential applica-
tions such as Bose-Einstein condensation. Magnons, the
quanta of spin waves (SWs), being also bosons, are collec-
tive excitation of electron spins in magnetic materials and
are intensively investigated in the perspective of magnon-
ics or magnon spintronics [15–22], using magnons as in-
formation carriers in low-power-consumption spintronic
devices [23, 24]. Magnonic crystals [25–30] are magnetic
counterpart of photonic crystals. The magnon transport

can be modulated by tuning the SW band gaps [31, 32]
with novel functions such as reconfigurability [33–35] and
nonreciprocity [36–39]. Recently, Gallardo et al. [40] has
proposed to pattern arrays of heavy metal wires to im-
pose periodical Dzyaloshinskii-Moriya interaction (DMI)
on magnetic thin films. The simulations predict the
emergence of flat bands in the bicomponent magnonic
crystals with large DMI values. The heavy metal needed
for the DMI [41] may severely affect the magnetic damp-
ing [42] and thus hinders its practical applications. Re-
cent theoretical works report novel magnon behavior in
twisted bilayer magnets in the presence of DMI [43, 44]
and stacking domain walls [45]. However, magnons stud-
ied in these works are at extremely high frequencies (en-
ergy) making them difficult for practical applications in
coherent magnonics operating typically at GHz frequen-
cies [22]. Up to now, magnon flat bands and magnonic
nanocavities in Moiré magnonic-crystal systems have not
been reported.

In this Letter, we report magnon flat bands formed
in magnetic Moiré superlattices by stacking two square
antidot lattices with a finite twist angle (referred as
“magic angle”). The results from micromagnetic sim-
ulations reveal that the perfect flat band emerges at an
optimal combination of the “magic angle” and interlayer
exchange coupling, and covers almost half of the first
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magnonic Brillouin zone (BZ) in the reciprocal space.
Due to zero group velocity and high density of states
of magnons at the flat band frequency, a highly local-
ized SW mode i.e. magnonic nanocavity is discovered
at the center of one Moiré unit cell with AB bilayer
stacking. This is analogous to, but fundamentally differ-
ent from, the recently discovered magic-angle photonic
nanocavity [14] occurring always at the AA stacking re-
gion of Moiré photonic superlattices. The emergence of
the magnon flat band is attributed to the lowest band
formed by the mode anti-crossings in the SW dispersion
due to interlayer magnon-magnon coupling [46–49]. The
magic-angle magnonic nanocavity possesses a quality fac-
tor approximately two orders of magnitude higher than
that of the non-flat-band mode, and exhibits a narrow
spatial linewidth of about 185 nm inversely associated
with the flat-band wavevector bandwidth.
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FIG. 1. (a) Schematic illustration of a YIG-based magnetic
Moiré superlattice with a twist angle of θ = 3.5◦. The white
dashed (black dotted) square represents the Moiré unit cell
with AB (AA) stacking region at its center. A magnetic field
of 50 mT is applied in the y direction. (b) SW dispersion
obtained from micromagnetic simulations with the interlayer
exchange coupling of A12 = 11 µJ/m2. The white dashed lines
represent the BZ boundaries, which define the first BZ (“I”)
and second BZ (“II”). (c) The spatial distribution of the mag-
netization dynamics (mx in the bottom layer) at t = 4.3 ns
with AB stacking after the start of continuous excitation. One
Moiré unit cell is indicated by the white dashed square being
the same white dashed region marked in (a). A magnonic
nanocavity is formed at its center (AB stacking region). A
line-cut of the magnon intensity at y = 0 is presented in (d),
where the calculation by Eq. 3 (red dashed curve) yields a
linewidth of 185 nm.

II. RESULTS AND DISCUSSION

The magnetic Moiré superlattice considered in this
work is depicted in Fig. 1(a), which consists of two
identical yttrium iron garnet (YIG) layers twisted
by an angle θ. YIG thin films with low magnetic
damping [50, 51] have recently been achieved and
demonstrated experimentally for coherent magnonics.
The saturation magnetization, intralayer exchange
and magnetic damping are set as MS = 140 kA/m,
A11 = 3.7×10−12 J/m and α = 0.0001, respectively [52].
Each YIG layer is patterned into an antidot square
lattice [13, 25] with a periodicity of a0 = 100 nm
and an antidot diameter of d = 50 nm, which can be
fabricated with cutting-edge nanotechnology [20, 53].
The thickness of a single layer is set as 2 nm. Two layers
are separated by 2 nm and coupled with the interlayer
exchange A12. By rotating one layer with respect to the
other, a Moiré superlattice is then formed as shown in
Fig. 1(a). The Moiré lattice constant can be estimated
using am = a0/θ [12], where a0 is the lattice constant
of a single layer magnonic crystal being 100 nm. With
θ = 3.5◦, the Moiré lattice constant is estimated to
be approximately 1.6 µm. A Moiré unit cell is then a
1.6 µm × 1.6 µm region, e.g the black dotted square
(with AA stacking region at the center) or the white
dashed square (with AB stacking region at the center)
in Fig. 1(a). In this work, we take the white region as
the Moiré unit cell. The simulated structure covers an
area of 6 µm × 6 µm in the xy plane with a cell size of 5
nm × 5 nm. A sinusoidal microwave pulse is applied in
the middle of the investigated structure with a width of
20 nm in x direction for obtaining the full SW dispersion
spectra, mimicking a nano-stripline in experiments [54].
The excited magnon wavevector then points along the x
direction. A magnetic field of 50 mT is applied along the
y axis, so the Damon-Eshbach SW configuration [55, 56]
is investigated.

Figure 1(b) shows the SW dispersion from the mi-
cromagnetic simulation [61] performed at the center of
the Moiré unit cell (white dashed square in Fig. 1(a)).
Here, we set the twist angle θ = 3.5◦ and the interlayer
exchange coupling A12 = 11 µJ/m2, which is about two
orders of magnitude weaker than the Ruderman-Kittel-
Kasuya-Yosida exchange interaction in metallic spin
valves [57, 58], one order of magnitude weaker than those
at YIG/Co [46] and YIG/Py [59] interfaces and com-
parable with that in YIG/Au/YIG magnon valves [60].
The interlayer dipolar interaction is also included in
the micromagnetic simulations based on OOMMF [61].
The excitation microwave power is set to be -10 dBm
to maintain in the linear regime. The OOMMF is a
finite difference micromagnetic solver. It was used to
model the YIG based artificial Moiré superlattice which
has dimensions much larger than the atomic scale. The



3

two-dimensional Fourier transformation is performed
on dynamic magnetization components in order to
obtain the magnonic band structure. Compared with
a single layer magnonic crystal (see Supplementary
Material [62]), an unexpected flat band appears at
around 8.2 GHz marked by the white arrow in Fig. 1(b).
The magnonic flat band covers a broad wavevector range
from -15 rad/µm to 15 rad/µm, that is about half of
the first BZ of the magnonic crystal marked as “I” in
Fig. 1(b) with BZ boundaries (white dashed lines) at
±31.4 rad/µm corresponding to ±π/a0. The flat band
locates around k = 0 (or Γ point) which is fundamentally
different from its electronic [6] and photonic [14] coun-
terparts as well as from the Moiré 2D magnets [43, 45],
all of which exhibits a mini-flatband around the K point
in the band structure. The flat band in the magnetic
Moiré superlattice gives rise to zero magnon group
velocity over a large wavevector range. As a result, a
large number of magnons are “trapped” at the center of
the Moiré unit cell to form a magnonic nanocavity as
shown in the spatial map of magnon intensity (Fig. 1(c))
with excitation at the flat-band frequency (8.2 GHz),
where the white dashed square represents the same
region as that in Fig. 1(a). A single spectrum of the
magnon intensity extracted along the center of the
localized magnon mode is presented in Fig. 1(d), where
the calculated magnon intensity by Eq. 3 (red dashed
curve) yields a linewidth of 185 nm. The linewidth can
be roughly considered as the diameter of the magnonic
nanocavity formed in the magnetic Moiré superlattice.
In addition to the strongly localized magnon mode, there
appears also some weak propagating SWs, which could
be resulted from the non-zero magnon group velocity
at the border of the flat band. Notably, the magnonic
nanocavity studied in this work is localized at the AB
stacking region (see Fig. 1(a) and (c)), which is different
to those in the magic-angle graphene superlattices [6]
and twisted bilayer photononic crystals [12], where the
effect always occurs at the AA stacking region. In the
magnetic Moiré superlattice, it is observed that around
the AA stacking region where the flat band disappears in
the magnon dispersion and SWs are found to propagate
away (see Supplementary Material [62]).

In the following, we investigate the formation of the
Moiré flat band by tuning the twist angle θ and the
interlayer exchange coupling A12. At θ = 0, the bilayer
system is commensurate and its magnon dispersion
resembles with that for single layer magnonic crystal as
shown in Fig. 2(a). If there is no interlayer exchange
(A12 = 0) but only magnetic dipolar interaction be-
tween two layers, flat bands also cannot be formed
(see Supplementary Material [62]), although one may
observe some “side bands” (e.g. indicated by white
arrows in Fig. 2(c)) in superposition to the conventional
magnonic crystal band structure. Therefore, the twist

angle θ and the interlayer exchange coupling A12 are
two key ingredients to create Moiré flat band in a bilayer
magnonic crystal system. We first fix the interlayer
exchange coupling at A12 = 11 µJ/m2 and vary the twist
angle θ. Figures 2(a)-(c) show three typical cases with
different twist angles of θ = 0, θ = 3◦ and θ = 6◦. In
general, the magnonic flat band feature appears always
around 8.2 GHz and survives within a relatively broad
range of twist angles in stark contrast to electronic [6]
and photononic [12] flat bands rely critically on the twist
angle, i.e. the “magic angle”. It is inferred that the
frequency of flatband in magnonic Moiré superlattice is
solely determined by the exchange coupling A12. How-
ever, although the flat band sustains at different angles,
the quality of the flatband or its flatness relies rather
critically on the twist angle as shown in Fig. 2(d) with
θ varying from 1.5◦ to 6◦. The magnonic band flatness
is characterized or defined as the linewidth of magnon
density of state (DOS) around 8.2 GHz. The magnon
DOS is calculated within the first BZ of the magnonic
crystal and a Lorentz fitting is performed to obtain the
Moiré flat-band bandwidth ∆fm, as shown in the inset
of Fig. 2(d). The minimum of ∆fm peaks around 3.5◦,
which can be considered as the “magic angle” to form
the Moiré magnonic flad band. By further increasing
the twist angle, the side bands appear which reduce the
flatness of the magnon band as shown in Fig. 2(d). In
addition, by increasing the twisting angle, the magnonic
band width decreases at the BZ boundaries, which is
further discussed in Supplementary Material [62]. Then,
by fixing the twist angle at 3.5◦, we vary the interlayer
exchange coupling A12. With A12 = 6 µJ/m2 (Fig. 2(e)),
a curved magnon band appears around 6.8 GHz but
the calculated Moiré bandwidth ∆fm is quite large, i.e.
does not exhibit good flatness. With a larger interlayer
exchange A12 = 10 µJ/m2 (Fig. 2(f)), the curved
magnon band becomes flat, and the frequency of the flat
band rises to approximately 7.9 GHz. A mini-flatband
at the ground state (3.7 GHz) is also observed whose
wavevector range corresponds approximately to 2π/am.
The Moiré flat band at 7.9 GHz is about 10 times
broader covering more than half of the first magnonic
BZ and re-appears in the second magnonic BZ (around
±60 rad/µm). By further increasing the interlayer
exchange to A12 = 14 µJ/m2 (Fig. 2(g)), the Moiré
flat band shifts up in frequency to about 8.8 GHz
with a much smaller wavevector range and deteriorated
flatness. Magnonic band structures at more values of
A12 are presented in Supplementary Material [62], from
which, the Moiré flat-band bandwidths are extrapolated
and plotted in Fig. 2(h). The Moiré flat band sustains
a high-quality flatness (with ∆fm < 0.2 GHz) over a
relatively large range of A12 from 8 µJ/m2 to 12 µJ/m2

(yellow shaded area in Fig. 2(h)). In general, we find the
quality (flatness) of the Moiré flat band is determined
by the combination of the twist angle θ and interlayer
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FIG. 2. (a) SW dispersion on commensurate bilayer magnonic crystal i.e. with θ = 0◦. (b) SW dispersion at the Moiré unit
cell center (AB stacking region) with θ = 3◦. (c) SW dispersion at the Moiré unit cell center (AB stacking region) with θ = 6◦.
White arrows indicate the side bands. The interlayer exchange coupling is fixed at A12 = 11 µJ/m2 in (a)-(c). (d) Moiré
flat-band bandwidth ∆fm as a function of twist angle θ. ∆fm is extrapolated from the linewidth of magnon density of states
(DOS) around 8.2 GHz shown in the inset as an example at θ = 3.5◦. (e-g) Simulated SW dispersion at the Moiré unit cell
center (AB stacking region) with a fixed twist angle θ = 3.5◦ and alternating interlayer exchange coupling of (e) 6 µJ/m2, (f)
10 µJ/m2 and (g) 14 µJ/m2. (h) Interlayer exchange coupling dependence of Moiré flat-band bandwidth ∆fm with θ = 3.5◦.
The light-blue shaded area highlights the region with high-quality Moiré flat band.

exchange coupling A12. For instance, the combination
of θ = 3.5◦ and A12 = 11 µJ/m2 gives rise to an optimal
Moiré flat band as shown in Fig. 1(b). In other word,
the “magic angle” to form the Moiré flat band is closely
associated with the interlayer exchange strength.

At an optimal combination of twist angle θ and in-
terlayer exchange coupling A12, a high-quality flat band
is formed in the SW dispersion as shown in the inset of
Fig. 3(a). We study and compare the flat-band mode
(8.2 GHz, red arrow) and propagating mode (5 GHz,
blue arrow) with a temporal excitation pulse as shown
in Fig. 3(a) with 2 ns duration. The time-dependent
magnetization dynamics mx at the position of x = 0 is
shown in Fig. 3(b) for excitation at 5 GHz and in Fig. 3(c)
for excitation at 8.2 GHz (the flat-band frequency). In
Fig. 3(b), the microwave pulse at 5 GHz is applied start-
ing from 1 ns and instantly magnetization is found to
oscillate with a reasonably large amplitude as shown in
the blue curve. At the falling edge of the pulse (right
edge of the yellow shaded area), the magnon spatial map
(inset of Fig. 3(b)) reveals clear propagating SWs with
a wavelength of approximately 300 nm that corresponds
well with the wavevector at the blue arrow in the inset of
Fig. 3(a). After the pulse is switched off, an abrupt decay

of magnon intensity is observed in Fig. 3(b)). However,
the remanent small amplitude can sustain over a much
longer time scale. Such phenomenon can be described by
the following equation

Asw = C1exp(−t/τm) + C2exp(−t/τ0) (1)

where Asw represents the SW amplitude, C1 and C2 are
two time-independent prefactors, τm is the decay time for
propagating magnon, and τ0 is the decay time caused by
the intrinsic damping of YIG, respectively. Due to lack-
ing of localization for propagating SWs in Fig. 3(b)), τm
is found to be as small as 0.2 ns, yielding an effective cav-
ity quality factor of Q = ωτm = 6, where ω is the angular
frequency (ω = 2πf). After 0.2 ns, the SW amplitude
quickly relaxes to a more steady value and the frequency
decreases to the FMR resonance 4 GHz. Then it would
need much longer time to fully relax or damp to equilib-
rium magnetization state corresponding to the magnetic
damping of YIG τ0 = 1/αω. Taking the intrinsic damp-
ing of YIG to be 1×10−4 [50, 51], one attains τ0 = 398 ns.
Now if the excitation is made at the flat-band frequency
being 8.2 GHz, the SW intensity accumulates within the
pulse duration (Fig. 3(c)) and quickly surpasses that of
non-flatband mode (Fig. 3(b)). At the pulse falling edge
(3 ns), the SW amplitude for the flat-band mode is more
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than double of that for the non-flat-band mode. More-
over, a majority of the SW intensity is confined in a
very small spacial region at the AB stacking area (in-
set of Fig. 3(c)). For the flatband mode at 8.2 GHz,
the magnonic nanocavity is then formed due to the zero
SW group velocity and a peak in magnon density state.
By fitting the magnetization dynamics in Fig. 3(c) with
Eq. 1, magnon relaxation time τm = 20 ns is obtained,
leading to an effective quality factor Q = ωτm = 1030.
This high quality factor of magnonic nanocavity is essen-
tial for the realization of highly localized magnon excita-
tion for magnon Bose-Einstein condensation (BEC) [63–
65] and even “magnon lasing” [66] in the future. The
above described magic-angle magnonic nanocavity ex-
hibits a distinctive feature: the confinement does not
rely on a full forbidden band, but rather occurs at the
flat band with a peak in magnon density of states. This

confinement mechanism is fundamentally different from
the nanocavity [67] or nanochannel [68] created by the de-
fects within a conventional magnonic crystal, where the
magnon confinement relies essentially on a full magnonic
band gap. Given that, there is no allowed states in the
magnonic band gap, magnonic crystals act as a mirror
(or a wall) to confine the defect magnon states. Con-
trary to Fig. 3(b), after the pulse is switched off, the
magnon frequency maintains at 8.2 GHz not decreasing
to 4 GHz. This intriguing feature implies that the local-
ized magnons in the twisted bilayer mutually couple to
form a self-oscillating hybridized mode at 8.2 GHz.

In Fig. 4, we further investigate the relation between
magnonic nanocavity and the formation of the magnon
flat band in magnetic Moiré superlattices with different
twist angles. First of all, we find that to trigger the
strong magnon confinement does not require high
excitation power, so we lower the rf power from -10 dBm
(Fig. 1) to -30 dBm (Fig. 4) in order to fully avoid the
nonlinear spin precession in the system. The conversion
between the microwave excitation field and the power
is studied by the high frequency structure simulator
(see Supplementary Material [62]). Magnetic Moiré
superlattices with twist angles of θ = 1◦, 3.5◦ and 6◦

are depicted in Fig. 4(a), (b) and (c) showing different
Moiré lattice constant of 5.73 µm, 1.64 µm and 0.95 µm,
respectively. The corresponding calculated magnon
“flat-band” dispersion at these three angles are shown
in Fig. 4(d), (e) and (f). In general, the results of
these three twist angles all exhibit a flat-band feature
in the magnon dispersion, although with different
“quality” or “flatness”. The emergence of magnon flat
band over a relatively large range of twist angle offers
much easier implementation of magic-angle magnonic
device in general applications than its counterpart in
electronics, e.g. magic-angle bilayer graphene, which
demands critically a small angle of a typical 1.1◦ [6].
The excitation at the magnon flat band increases the
magnon DOS dramatically and creates strong magnon
confinement at the center of a Moiré unit cell (AB
stacking region) as shown in Fig. 4(h) with a magic
angle θ = 3.5◦. If the twist angle deviates from the
optimal one (or magic angle), the flat band becomes
not so “flat”. With a small twist angle of 1◦, the flat
band is rounded up and shows a small “bump” around
k = 0 (Fig. 4(d)), which eventually results in a poor
magnon confinement at the Moiré unit cell center as
shown in Fig. 4(g). With a large twist angle of 6◦,
the magnon flat band appears to be disruptive, which
projects into the real space as some “leakage” between
two neighbouring magnonic nanocavities. Therefore, for
A = 11 µJ/m2, the magnonic nanocavity with the opti-
mal quality occurs at or around the “magic angle” of 3.5◦.

Finally, we investigate the formation mechanism of the
magnon flat bands and discuss the origin of the magic
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cell for magnetic Moiré superlattices with different twist angles of (d) 1◦, (e) 3.5◦ and (f) 6◦. The excitation microwave power
is set to be -30 dBm, smaller than that in Fig. 1. (g)-(k) Magnetization mx snapshots of a 2 µm×2 µm area at t = 4.3 ns after
the start of continuous microwave excitation with twist angles of (g) 1◦, (h) 3.5◦ and (k) 6◦.

angle in magnetic Moiré superlattices. We start with
one single layer of magnonic crystal with square anti-
dot lattices. Conventional magnonic band gaps are ob-
served at magnonic BZ boundaries (see Supplementary
Material [62]), very similar to those shown in Fig. 2(a)
for zero-twist-angle bilayer system. By twisting one
single magnonic crystal layer with respect to the same
SW wavevector k, we find the magnonic band shifts
in both directions in the twisted layer (see Supplemen-
tary Material [62]), analogous to the side bands indi-
cated by the white arrows in Fig. 2(c). If there is no
interlayer exchange coupling (only interlayer dipolar in-
teraction), three individual magnonic branches can be
observed in the magnon dispersion without significant
mode hybridization as illustrated in Fig. 5(a). The inter-
layer exchange coupling stimulates the strong interlayer
magnon-magnon coupling [46–48], which manifests as the
anti-crossing between different magnonic branches, com-
parable to those observed in cavity magnonics [69] be-
tween magnons and cavity photons [70–73]. Therefore,

the interlayer exchange coupling generates multiple anti-
crossings at the meeting points between three individ-
ual magnonic branches (one from untwisted layer and
two from the twisted layer), which eventually evolves
to four quasi-flatband, two from the upper band (C1
and C2) and two from the lower band (V1 and V2),
as shown in Fig. 5(b). Microscopically, the effective in-
terlayer exchange interaction considering its integration
in the whole Moir superlattice is crucially dependent
on the interlayer stacking configurations and preserves
Moiré translational symmetry as A12(r) = A12(r + R),
where r is the position within the Moiré supercell, and
R is a Moiré superlattice vector. The origin of flat
bands in magic-angle twisted bilayer graphene are dif-
ferent from the magnonic flat bands. The flatness in
magic-angle twisted bilayer graphene have a topological
origin with nonvanishing Chern numbers and are remi-
niscent of pseudo Landau levels [74, 75], which emerge
from the coupling between Dirac fermions of graphene
with the pseudo magnetic fields generated by the spatial
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FIG. 5. (a) Sketch of uncoupled magnetic Moiré superlattice
with shifted bands in the wavevector space. The red (blue)
curve indicates the magnonic bands of the bottom (top) layer
magnonic crystal. The bottom layer is aligned with the an-
tenna, whereas the top layer is rotated with respect to the bot-
tom layer as shown in Fig. 4. The arrows mark the band gap of
the magnonic crystals. (b) With strong interlayer exchange
coupling, the magnon branches start to hybridize and form
several flat bands due to the mode anticrossings. Four quasi-
flatbands are labelled as C1, C2, V1 and V2. Red arrows
indicate the new gaps induced by the mode hybridization,
that is about twice the magnon-magnon coupling strength
g12. (c) A zoom-in simulated magnonic band structure near
the band gap in the absence of the interlayer exchange cou-
pling. (d) Simulation results on magnonic band structure
near the band gap with A12 = 11 µJ/m2. The twist angle is
fixed at θ = 3.5◦. Four quasi-flat bands are marked by white
dashed lines.

varying interlayer hopping term. For the magic-angle
magnonic nanocavity studied in this work, the flat bands
observed in Fig. 5(b) and Fig. 2 originate from the low-
est quasi-flat band V2 [74] as shown in Fig. 5. Prior to
the mode hybridization, the magnonic crystals provide
large magnon band gaps, and consequently after mode
hybridization the quasi-flat bands C2 and V1 are still far
apart in frequency and cannot be unified to one flat mode.
Nevertheless, all four quasi-flat bands can be vaguely ob-
served in the Fig. 5(d) with the lowest mode V2 being the
strongest, which is essentially the flat band we discuss in
this work. Thus, one key element to form the flat bands
apart from the magic angle is the interlayer exchange
coupling. The role of the interlayer exchange coupling
in magnonic magic-angle system is comparable to the
interlayer separation in its photonic [12] counterparts.
The interlayer magnon-magnon coupling strength (g12)
manifests itself as the anti-crossing gap (2g12) between
the magnon branches of the upper and lower layers and

is given rise by the interlayer-exchange-induced [46–48]
magnon spin torque [76–79] τm

12, that is proportional to
the effective interlayer exchange field heff = A12|∇zm|2.
Then we obtain

g12 ∝ τm
12 = m×A12

∂2m

∂z2
. (2)

Eq. 2 suggests that the magnetization gradient in the
z direction is required to generate a strong interlayer
magnon-magnon coupling in order to form the magnon
flat bands. At the edge of the Moiré lattice, namely the
AA region, the magnonic crystal lattices of two layers
are overlapped (see Supplementary Material for magnetic
texture distributions [62]), and thus the magnetic texture
gradient is minimized, which results in a weak interlayer
magnon-magnon coupling [46]. At the center of the Moiré
lattice (the AB region), however, the magnetic texture
difference between the two layers is maximized, and thus
the interlayer exchange becomes most effective to pro-
vide strong magnon-magnon coupling similar to the case
of exchange springs [46, 80], and can eventually gener-
ate flat bands as shown in Fig. 5. This explains why
the magnonic nanocavities occur always at the AB re-
gion different from the photonic nanocavities [14] at the
AA region due to the nature of the exchange interaction.
In this work, we focus on the low-frequency flat bands
which are due to the magnon-magnon mode hybridiza-
tion. It is shown that for magnon-photon hybridization,
the topological Chern number of the coupled wave be-
comes quantized into nonzero integers [81]. The effect of
topology on the magnonic flat bands in magnetic Moiré
superlattice required further investigatigation.

The flat band provides a high magnon DOS, i.e. a
wide range of wavevector distribution ∆k0 at a given
magnon frequency. In analog to the magic-angle pho-
tonic nanocavities [14], such high DOS is a key to gener-
ate the highly confined mode. The spatial distribution of
the magnon intensity I0(x) for the magic-angle magnonic
nanocavity induced by the magnon flat band can be cal-
culated by the summation or superposition of all SW
modes (or states) at the one-and-the-same flat-band fre-
quency ω0. After taking approximation of continuous k
variation (see Supplementary Material [62]) in magnon
dispersion, one derives

I0 (x) =
A2S

π2

∣∣∣∣∣ sin
(

1
2∆k0x

)
x

∣∣∣∣∣
2

, (3)

where A is the SW amplitude assumed to be constant
for all modes at the flat band. S stands for the area of
one Moiré unit cell. By taking the flat-band wavevec-
tor bandwidth ∆k0 ≈ 30 rad/µm extracted from results
in Fig. 1(b), one can calculate the magnon intensity dis-
tribution I0 (x) based on Eq. 3 with a spatial linewidth
∆x0 = 185 nm, which is comparable with the intensity
distribution attained from simulation results in Fig. 1(d).
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III. CONCLUSIONS AND OUTLOOK

To conclude, we have investigated the Moiré magnetic
superlattices with a twist angle using micromagnetic
simulations. The results show the emergence of magnon
flat bands in the magnon dispersion, which eventually
results in a magnonic nanocavity with a diameter of
about 185 nm. The flatness of the flatband and also the
quality of the magnonic nanocavity is found to be highly
tunable with two major physical quantities, i.e. the
twist angle θ and the interlayer exchange A12. The ideal
flat band is achieved with the combination of the “magic
angle” θ = 3.5◦ and interlayer exchange A12 = 11 µJ/m2

with reasonably good tolerance with the deviation from
the optimal values. The results on the pulse simulation
demonstrate that the magic-angle magnonic nanocavity
with a high quality factor enables a strong enhancement
or accumulation of magnon intensity inside the nanocav-
ity, which provides great perspectives to achieve magnon
BEC in the Moiré magnetic superlattices and to pave
the way towards “magnon lasing” with high intensities.
The magnonic flat band observed in this work is found
to be easily tunable with an applied magnetic field as
shown in the Supplementary Material [62], which enables
the excitation of magic-angle magnonic nanocavity at
different demanded frequencies. This field-tunablity of
flat bands may be obvious for the magic-angle magnetic
systems, but non-trivial for its electronic and photonic
counterparts.

Finally, the formation of the magnon flat band is
attributed to the mode anti-crossings in the magnon
dispersion induced by interlayer magnon-magnon cou-
pling. To generate experimentally the magnon flat band
and realize the magic-angle magnonic nanocavity based
on this artificial crystal with a periodicity on a 100 nm
scale, we showed that we could adopt the simplified
nanolithography technique as used in Moiré photonic
nanocavity [14] where the effective exchange coupling is
fixed and the twist angle is the only tuning parameter.
By introducing a non-magnetic spacer between two
magnonic-cyrstal stacks, one can tune the interlayer
exchange by the thickness of the spacer with high
sensitivity ruled by the RKKY interaction [82]. Recent
demonstration on tunable magnon-magnon coupling [83]
in synthetic antiferromagnets may also provide an exper-
imental appoach to control the coupling strength. The
nature of the interlayer exchange coupling explains the
magnon confinement at the AB stacking region of the
Moiré magnetic superlattices, which is fundamentally
different from the magic-angle photonic nanocavity
always at the AA region. The theoretical calculation
indicates that broader flat band may introduce a even
more focused magnoninc nanocavity, to be studied and
achieved in experiments in the future. Last but not
the least, our studies also contribute to the emerging

field of three-dimensional (3D) magnonics [84, 85],
where magnon propagation properties are modulated
by the vertical interlayer coupling [86, 87] enabling the
transition from 2D to 3D magnonic architectures.
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