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Generation of twisted magnons via spin-to-orbital angular momentum conversion
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Twisted magnons (TMs) carrying orbital angular momentum (OAM) have attracted growing interest from
the magnonic community. The fabrication of such a novel magnon state, however, is still challenging. Here we
present a simple method to generate TMs with arbitrary radial and azimuthal quantum numbers through the
spin-to-orbital angular momentum conversion. The conversion rate from plane-wave magnons to twisted ones
is shown to be insensitive to the quantum index. The spectrum of TMs in thin nanodisks is solved analytically,
showing good agreement with micromagnetic simulations. Moreover, we numerically study the propagation
of TMs in magnetic nanodisk arrays and obtain the quantitative dependence of the decay length on quantum
indices. Our results are helpful for realizing TMs with large OAMs that are indispensable for future high-capacity

magnonic communication and computing.
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I. INTRODUCTION

Quantized orbital angular momentum (OAM) states of
(quasi-)particles have attracted a lot of attention due to the
peculiar twisted phase structure in a broad field of photon-
ics [1-5], electronics [6—-10], acoustics [11-15], and neutron
sciences [16—18]. Very recently, the concept of the OAM
state has been extended to magnons (spin waves)—the ele-
mentary excitations in ordered magnets, synthesizing twisted
magnons (TMs) [19-22]. With the explosive growth of the
information, how to improve the bit rate of information has
become the primary consideration for engineers and sci-
entists. A promising solution is to use multiple channels
to deal with such a huge amount of information. For ex-
ample, the distinct spatial profiles of electromagnetic wave
(twisted photon) can act as individual information channels,
through which one can realize OAM-based spatial-division
multiplexing [23-27]. Magnons can also be used to carry,
transmit, and process information [28—32]. The high-capacity
communication has become a key demand for the devel-
opment of the emerging field of magnonics. Recently, the
frequency-division multiplexers/dumultiplexers have been
designed to increase the communication ability of conven-
tional magnons [33-37]. However, the multiplexing of TMs
is yet to be reported. By utilizing the twisted phase struc-
ture of TMs with different frequencies, it is possible to
realize frequency-division multiplexing (FDM) which can
enhance the capacity of communication based on magnons.
By using the Aharanov-Casher effect [20], complex external
exciting field (Laguerre-Gaussian type, for instance) [19,38],
the magnonic spiral phase plate in the heterostructure [39],
skyrmion-textured domain wall [40], etc., one can generate
TMs in nanocylinders. However, these methods are relatively
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too complex and cannot be extended to very high OAM cases.
It is, thus, of vital importance to find a simple and effective
method to generate TMs. In addition, although TMs in nan-
odisks has been discussed in Ref. [38], the detailed theoretical
derivation about the full spectrum of TMs is still lacking.

In this paper, we study the generation and propagation
of TMs in magnetic nanodisk arrays. By introducing a spin-
to-orbit conversion scheme, we propose a simple method to
generate arbitrary TMs. We calculate the conversion rate from
planar magnons to TMs and show that it is insensitive to
the OAM and radial indices of TMs and reaches a universal
value. The propagation length of TMs in nanodisk arrays, a
key parameter for FDM, is also analyzed. Our results may
represent an essential step for realizing the TM-based high-
capacity communication for magnonic spintronics.

The paper is organized as follows: The model and method
are presented in Sec. II. Section IIl gives the main re-
sults, including the intrinsic dynamics of TMs in nanodisk,
the method to generate arbitrary TMs, and the concept of
magnonic OAM-based FDM. The discussion and conclusion
are drawn in Sec. I'V.

II. MODEL AND METHOD

We first consider a single thin magnetic nanodisk with
radius r and thickness d. The magnetic moments are perpen-
dicularly magnetized by an out-of-plane static magnetic-field
Hy. The magnetization dynamics of the nanodisk is governed
by the Landau-Lifshitz-Gilbert (LLG) equation [41]:

om om
¥=—Vm><Heff+OlmX¥, (1

where y is the gyromagnetic ratio, « is the Gilbert damping,
m is the unit vector along the local magnetic moment, and

24
Heir = HoZ +h(r, 1) + ﬁvzm(r, 1) = NopoM:z  (2)
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is the effective field. In the right-hand side of (2), the first
term is the external magnetic field, the second term is the
dynamic dipolar field, the third term is the exchange field,
and the last term is the static demagnetization field with A
the exchange stiffness, M; the saturation magnetization, N, the
demagnetizing factor along the z axis, and p( being the vac-
uum permeability. We are interested in the thin-film limit, i.e.,
d K r,so we have N, = 1. The dipolar field h(r, t) must sat-
isfy Maxwell’s equations: V x h(r,#) =0and V - [h(r, t) +
Mom(r, t)] = 0. We, thus, have h(r, 1) = —V®&(r, t) with &
the magnetostatic potential.

We then consider the spin-wave excitation m =
(my,my, 1). By assuming myy)(r, 1) = myy)(r)e ™ and
®(r, 1) = d(r)e ™, the LLG equation can be simplified as
(the damping term and high-order ones are dropped),

- 5 ID
iom, = (Hy — uoMs; — DV-)m, + —,

dy
. 2 0P
—lwmy, = (HO - MOM&‘ — DV )mx + a_v (3)
; X
) om,  dm,
Vo = M; +—
ox ay

with @ = w/y and D = 2A/M;. Inside the thin nanodisk, the
magnetic potential takes the following form

P (p, ) = Ju(k p)exp(ing), “)

where J,(kp) is the Bessel function of the first kind with
order n, p = \/x2 + y?, and « is the transverse wave number.
Substituting (4) into (3), we obtain the dispersion relation of
the TMs,

D*«c* + (2Hy — 11oM)Di* + [Ho(Ho — 110My) — &°] = 0.
&)
This equation is quadratic in «2 so that for each n, we have two

linearly independent solutions. Thus, the magnetic potential
within the nanodisk can be expressed as [42,43]:

2
DU (p, ) =Y CiJulkjp)expling). (6)

j=1
To obtain the eigenfrequencies of TMs in Eq. (5), one
needs to determine parameters «; and coefficients C; with

j = 1,2, which can be solved by using the free boundary
conditions,

am, _0 amyg
3p - p

p=r

=0. 7)

p=r

Here m, and my are the radial and azimuthal components
of the dynamical magnetization, respectively. From Eq. (3),
after some algebra, we obtain the explicit expressions of the
magnetization components,

2
o 1 Jn-‘rl(ij) Jn—l(ij) .
m, = 3 JZ:;C_,K]|: ot o S — o exp(ing), (8)

and
2
i Jor1(ejp)  Jua(kjp) )
my = — E;Cjkj[ oto + oo exp(ing),

&)

with € = Hy — woM; + Di;. Substituting Egs. (8) and (9)
into Eq. (7), we have

Po—(k17)Cy + Py —(k2r)Cy = 0,

(10)
_l.Pn’Jr(Klr)Cl — iPn!+(K2r)C2 = O,
where
KETT (i) —J, . J V=T (i
Pn,j:(’(jr) _ n(Kl/r) n_—&-Z(K]r):t n—Z(Kjr) _n(K]r) .
4 Q+w QL—o

(1)

The condition for the existence of nontrivial solutions of
Eq. (10) is given by det[M (w, ;)] = 0, where M (w, ;) is the
2 x 2 coefficient matrix. In what follows, we adopt s to denote
the radial quantum number counting the number of nodes
along the radial direction and [ to represent the azimuthal
(OAM) quantum number counting the number of nodes along
the azimuthal direction of half the nanodisk [19,22]. It is
worth noting that the OAM quantum number / and the order
of Bessel function 7 fulfill the relation / =n — 1 [19].

The eigenfrequencies of TMs in the nanodisk can be deter-
mined as follows: At first, we fix the parameter / and choose
a frequency range (0-100 GHz, for instance). For every trial
frequency, we can calculate the transverse wave-number «
from Eq. (5). After that, we judge whether the determinant
det[M(w, k;)] is equal to O [44]. If so, this trial frequency is
accepted as the eigenfrequency of TMs.

III. RESULTS

To justify our theoretical analysis, we consider a yttrium
iron garnet (YIG) nanodisk with thickness d =2 nm and
radius » =50 nm. The following material parameters are
used: the saturation magnetization M, = 1.92 x 10> Am™!
and the exchange stiffness A = 3.1 x 10~'> Jm~!. External
static magnetic-field Hy = 400 mT is applied along the z axis
(perpendicular to the nanodisk plane). Figure 1(a) plots the
magnitude of the determinant det(M) for different trial fre-
quencies with [ = 3, one can clearly see that the curve shows
five minimum points. Furthermore, by analyzing the spatial
distribution of these modes, we identify four eigenmodes of
TMs (the minimum point with frequency f = 7.1 GHz corre-
sponds to a localized mode due to the boundary effect of the
nanodisk) as shown in Fig. 1(b).

Micromagnetic simulations are performed to compare with
theoretical calculations. The micromagnetic package MU-
MAX3 [45] is used to simulate the magnetization dynamics.
To generate the TMs, a sinc-function magnetic field,

sin[27 fo(t — 10)]
27 fo(t — 1)
is applied to the nanodisk for 100 ns. Here H; = 10mT,

fo = 100 GHz, ty) = 1 ns, and [ = 3. The temporal fast Fourier
transform (FFT) spectrum of the magnetization component

H@t) =H, [cos(l¢), sin(l@), 0] 12)
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FIG. 1. (a) The magnitude of the coefficient determinant versus
trial frequencies for / = 3 by theoretical calculations. (b) The spatial
distribution of TM modes with different radial quantum numbers
s = 0-3 for a fixed OAM quantum number (/ = 3) in the nanodisk.
(c) The temporal Fourier spectrum for magnetization component 1,
of the nanodisk from micromagnetic simulations. (d) Dependence
of the intrinsic frequencies of TMs on [ for different s, the dashed
and solid lines denote the results from theoretical calculations and
micromagnetic simulations, respectively.

m, is plotted in Fig. 1(c) from which one can clearly see
four eigenmodes of TMs. Here we set the Gilbert damping
with a large value (¢ = 0.01) to speed up the simulation.
Similarly, by changing the OAM quantum number /, we ob-
tain all eigenfrequencies of TMs within 100 GHz with the
results being shown in Fig. 1(d). It is noted that the theoretical
value (dashed lines) is slightly greater than the micromagnetic
result (solid lines), although their comparison is reasonably
acceptable. This difference may come from the following
reasons: On one hand, in the theoretical model, we impose the
demagnetization factor N; = 1, whereas Ny = N, = 0, which
is strictly valid only when d < r. In our calculations, we
set d/r =0.04 (d =2 nm and r = 50 nm), so there is still
room to improve the justification for the approximation. On
the other hand, the software MUMAX3 is based on the finite
difference method, which may cause errors when handling the
curved surfaces. The discrepancy can be reduced by consider-
ing the nanodisk with a large radius and adopting a smaller
mesh size in the simulations.

In the above simulations, we designed exciting fields with
very complicated cross-sectional structures to generate TMs.
The complexity may hinder the practical application of TMs.
Here we propose a simple method to generate TMs with any
! and s. The scheme is plotted in Fig. 2(a) where the nan-
odisk contacts a nanostrip of width W = 60 nm and length
L = 1000 nm. To generate the TMs in the nanodisk, we ap-
ply a sinusoidal magnetic-field h(t) = hosin(27 f1)y with a

@) by = hesin@rfo 272100 nm
-

g l 0.02 ns
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FIG. 2. Tllustration of the generation of TM via the spin-to-
orbital angular momentum conversion at (a) t = 0.02ns, (b) 0.22 ns
and (c) 2.02 ns. A uniform static magnetic field is applied along the
z-axis direction to perpendicularly magnetize the YIG thin film. The
red arrow denotes the position of the sinusoidal driving field with
frequency f = 28.29 GHz, and the purple circular arrow represents
the rotation direction of TM in the nanodisk.

specific frequency at one end of the nanostrip (denoted by
the red arrow) to excite planar magnons, which can be easily
realized experimentally within the current microstrip antenna
technique. As an example, we choose f = 28.29 GHz, which
corresponds to the TM with [ = 3 and s = 1 according to the
dispersion relation [see Fig. 1(d)]. Besides, we set hp = 1 mT
and damping o = 0.005 (here we choose a smaller damping
to make magnons propagate longer). The absorbing bound-
aries are adopted at both ends of the nanostrip to prevent
the reflection of magnons. When the propagating magnons
carrying spin angular momentum pass through the disk-strip
touching point, the eigenmode of TM with (I, s) = (3, 1) in
the nanodisk is resonantly excited. Then the planar magnons
without any twisting in the nanostrip are converted to TMs
carrying a finite OAM in the nanodisk. We call it a spin-to-
orbital angular momentum conversion. In addition, we find
that the generated TMs with counterclockwise rotation can
stably exist in the nanodisk. The whole process is shown in
Fig. 2. Interestingly, if we place the exciting field to the other
end of the nanostrip, the generated TMs will have an opposite
rotation direction (clockwise). By setting different frequencies
of the local exciting fields, one can generate TMs with any /
and s.

To investigate the conversion rate from conventional
magnons to TMs in our proposal, we use the quantity
vm? + m}2 [46] to quantify the magnon amplitude. Fig-
ure 3(a) plots the amplitude of TMs (averaged over the whole
disk) varying with time for different s (here we fixed / to 2).
We observe that the intensity of the TMs reaches a stable value
very quickly after the exciting field is applied. The larger s
we set, the faster the saturation happens. In addition, with the
increase in s, the intensity of the TMs decreases gradually.
Similarly, the intensity of the TMs decreases with the increase
in [ with a fixed s (here we set s = 1 as an example) as
shown in Fig. 3(b). To have a comprehensive picture about the
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FIG. 3. Dependence of the TM amplitude on time with different
s for (a) a fixed [ (I = 2) and (b) different / for a fixed s (s = 1). The
insets plot the spatial distribution of different TM modes. (c) TM
amplitudes under different / and s. (d) The conversion rate from
planar magnons to TMs varying with / for different s. The gray line
represents the universal number 6%.

variation trend of the TM intensity, we plot the stable intensity
of TMs (after the exciting field is applied for 50 ns) for all
different combinations of s and / in Fig. 3(c), which indeed
confirms that the TMs intensity decreases with the increase
in s or /. The computed conversion rate from conventional
magnons to TMs [47] is plotted in Fig. 3(d). One can see that
the conversion rate reaches a universal number 6%, although
fluctuations exist when quantum indices / and s vary [see
Fig. 3(d)].

Because of the OAM degree of freedom, TMs have
shown outstanding application potentials in future high-
capacity communications compared to conventional plane-
wave magnons. Here we introduce the concept of magnonic
OAM-based FDM in a one-dimensional nanodisk array with
the model shown in Fig. 4(a). The distance between nearest-
neighbor nanodisks is 4. In the calculations, we set & = 6 nm
if not stated otherwise. When we apply the exciting field of a
specific mode frequency in the leftmost nanodisk by using the
spin-to-orbit conversion method above, the locally generated
TM can propagate due to the magnetostatic interaction be-
tween nanodisks. In the linear region, the TMs do not interact
with or convert to other TM modes carrying different / or
5. So we can simultaneously stimulate various TMs carrying
different [ or s, which spread in the waveguide independently,
realizing the FDM of TMs. One critical question naturally
arises: What is the propagation length of a TM in such a
one-dimensional nanodisk array?

To address this issue, we study the propagation of TMs
with different s. As an example, we fix [ = 4. Figure 4(b)
plots the amplitude of TMs varying with propagation distance
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FIG. 4. (a) The sketch map of a one-dimensional nanodisk ar-
ray. The blue arrow indicates the position of the applied excitation.
Dependence of the TM amplitudes on the propagation distance with
(b) different s for a fixed [/ (I = 4) and (c) different [ for a fixed s
(s = 3). Small balls denote simulation results, and solid lines repre-
sent the analytical fittings. (d) Dependence of the attenuation length
X on [ for different s. (¢) The spatial distribution of TM intensity in
the nanodisk array for four representative TM modes.

for different s. The small balls are the results of micro-
magnetic simulations, whereas the solid lines represent the
analytical formula I = a + be~*/*. Here a and b are two fit-
ting parameters, A is the propagation length, and z is the
distance. We can see that the attenuation of TMs follows
the exponential function very well. With the increase in s, the
intensity of TMs decays even more rapidly. Furthermore, we
investigate the propagation of TMs with different /, by fixing
s = 3. Simulation results are shown in Fig. 4(c). It shows that
the TMs decay faster with the increase in /. The attenuation
length A varying with / and s is summarized in Fig. 4(d),
which clearly shows that A decreases with the increase in /
or s. To illustrate the propagation details of the TMs, we plot
the spatial distribution of TM intensity in the nanodisk array
in Fig. 4(e) by choosing four representative TM modes. For
the sake of observation, we have rotated the angle by 90°. It
shows that the OAM carried by TMs is very robust against
the dissipation, although the wave amplitude suffers from an
obvious decay during the propagation.
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IV. DISCUSSION AND CONCLUSION

In the present calculations, we have set the radius of nan-
odisk r =50 nm and find almost 40 eigenmodes of TMs
below 100 GHz. By choosing a larger radius, we expect to
observe more TM modes. In this paper, we focused on the
propagation property of TMs in nanodisk arrays. The topo-
logical property of TMs is also an appealing topic for future
study. For example, by constructing the Su-Schrieffer-Heeger
[48] and Haldane [49] models in disk arrays, one may real-
ize the topological phases of TMs supporting multichannel
chiral edge states. Recently, the emergence of higher-order
topological phases in the “breathing lattice” have attracted a
lot of attention [5S0-54]. By constructing a breathing nanodisk
array, one may find the so-called higher-order topological
TMs. Weyl or Dirac semimetal states of TMs are interesting
directions as well.

To conclude, we have studied the generation and propaga-
tion of TMs in magnetic nanodisk arrays. By introducing the
concept of spin-to-orbital angular momentum conversion, we

proposed a simple and effective method to generate TMs with
any quantum index. The conversion rate from conventionally
planar magnons to TMs is analyzed. We showed that it is
insensitive to either the OAM quantum number or the radial
index of TMs but reaches a universal value. We numerically
studied the propagation of TMs in magnetic nanodisk arrays
and obtained the quantitative dependence of the decay length
on quantum indices, which should be useful for future TM
FDM.
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