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Asymmetric spin-wave propagation in magnetic nanostructures has received significant attention due
to the potential applications of magnon-based devices. In curved nanostructures and planar multilayers,
the classical dipole-dipole interaction induces a significant frequency nonreciprocity in which two coun-
terpropagating waves excited at the same frequency exhibit different wavelengths. This work proposes
a cylindrical synthetic antiferromagnet as a potential three-dimensional waveguide design to generate
nonreciprocal spin waves. The magnetochiral properties emerge from two mechanisms: the asymmetric
interlayer dipolar coupling and the asymmetric dipolar coupling of the curved membrane. It is demon-
strated that the cylindrical bilayer presents a notable spin-wave asymmetry induced by the combined
action of antiparallel magnetic vortices and the curvature of the inner and outer surfaces. A substantial
frequency range with waves having only a negative phase velocity is predicted, where unidirectional wave
propagation is allowed. It is also found that the nonreciprocity reaches a constant value as the curvature
decreases, which is an essential advantage over isolated nanotubes, where the frequency shift vanishes at
a large radius. Besides, analytical expressions are proposed to predict the frequency shift in the case of
coupled cylindrical shells. These results are relevant from fundamental and practical points of view since
magnetochirality is a crucial ingredient in visualizing future spin-wave-based logic devices.
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I. INTRODUCTION

Spin waves (SWs) are collective excitations in magnetic
systems and the essential physical element in the area of
magnonics [1–6]. The diverse ways of manipulating the
spin-wave band structure represent the main attraction for
the scientific community focused on magnonics, which uti-
lizes propagating waves for nanoscale transmission and
information processing [7]. In terms of applications, the
collective nature of the SWs implicates low energy dis-
sipation in the chargeless transport of information since
there is a reduced Joule heating. Therefore, SWs present
a clear advantage over diffusive transport in electronics,
where the charge motion results in collisions that become
more prominent in densely packed elements [1,3]. Another
exciting feature is that the magnon wavelengths are orders
of magnitude shorter than those of electromagnetic waves
at the same frequency [8–11], which facilitates the minia-
turization of technological devices [12,13]. Moreover, the
possibility of preparing different magnetic phases allows
for the easy reconfigurability of the band structure, which
relies on the internal magnetic field landscape [14,15].

*rodolfo.gallardo@usm.cl
†pedro.landeros@usm.cl

One of the best technical attributes of spin waves is their
strongly anisotropic dispersion, which can be tailored by
design and external control, allowing for the propagation
of information through a hierarchy of bulk and surface
waves [16]. Under certain conditions, some spin-wave
modes may behave nonreciprocally, where two opposing
waves display different wavelengths at the same frequency
[7]. More dramatically, SW propagation may be forbid-
den in some orientations, allowing one to build magnonic
diodes [17]. Several applications based on nonreciprocal
SWs have been proposed, such as magnonic circulators,
isolators, phase shifters, and logic devices [18–21].

Different types of magnetic systems are character-
ized for presenting a nonreciprocal SW propagation, for
instance, magnetization-graded films [22], magnetic nan-
otubes [23–29], curvilinear magnetic shells [25], arrays
of nanopillars [30], coupled ferromagnetic bilayers [31–
41], heavy-metal/ferromagnetic bilayers [42–51], noncen-
trosymmetric chiral magnets [52–56], and some types
of magnonic crystals [57–59]. In the case of synthetic
antiferromagnets (SAs), a strong nonreciprocity has been
reported, where the dynamic dipolar interaction is its
physical source [36,37], and its magnitude is notably
enhanced as the thicknesses of the magnetic layers
increase [40]. Interestingly, for an antiparallel alignment
of ferromagnetic layers, the dynamical dipolar energy
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is reduced only for one propagation direction, wherein
the stray fields and dynamic magnetizations form a flux-
closure dynamical state [36]. Reconfigurability of the spin-
wave spectrum is also expected in SAs since the antiparal-
lel magnetization state, where the nonreciprocity is active,
can be switched to a parallel state just by increasing the
field [36]. Topological properties have also been calculated
in antiparallel-aligned magnetic multilayers, where the chi-
ral dipolar interaction between propagating magnons gen-
erates bulk bands with nonzero Chern integers [60]. SW
asymmetry induced by dipolar interaction has even been
obtained in parallel-coupled bilayers as long as they have
different thicknesses or magnetic parameters [41].

Under specific conditions, the nonreciprocity in the
dispersion can also lead to the surprising phenomenon
of unidirectional magnon propagation [61]. Such behav-
ior has been reported for Damon-Eshbach SWs in mag-
netic films [62] based on the well-known amplitude
nonreciprocity of magnetostatic surface waves [16,63].
Micromagnetic simulations revealed a unidirectional SW
transmission in magnonic waveguides with interfacial
Dzyaloshinskii-Moriya interaction [64,65]. Unidirectional
spin-wave channeling along Bloch-type magnetic domain
walls has been further reported, which relies on the stabil-
ity of the magnetic texture [66]. Chen et al. reported the
unidirectional conduction of SWs in an ultrathin Yttrium
iron garnet (YIG) film capped with an array of Co wires
[67]. The phenomenon of resilience to back reflection by
boundaries or defects has been demonstrated in SAs, which
naturally arises from the combination of low anisotropy
and nonreciprocity [39]. Based on dipolar nonreciprocity,
a spin-wave diode has been proposed in a Co-Fe-B/Py SA,
where the low group velocities along one direction allow
for unidirectional propagation [41]. The coupled magnonic
modes in a system with two ferromagnetic layers, with
one covered with heavy metal, were also proposed for
the realization of SW diodes and circulators [68]. Nev-
ertheless, the unidirectional SW propagation in most of
these nanostructures is based on amplitude nonreciproc-
ity, which means that SWs will transmit in both directions
but with a smaller amplitude in one of them. Therefore, it
is highly desirable to design magnonic nanostructures that
permit unidirectional SW steering with prohibited states in
a broad range of wave vectors and frequencies.

Three-dimensional magnetic nanostructures have been
investigated extensively in the last few decades, evi-
dencing novel magnetic phases and reversal mechanisms
[69–75]. In the thin nanotube case, the propagation of
a vortex domain wall depends on the initial chirality
of the wall due to the asymmetry of the demagnetiz-
ing field [76–78]. Such magnetochiral effects have been
reported in curved nanostructures [79–83], where, in the
case of circular nanotubes, the physical origin is the dipolar
interaction and the curvature-induced geometrical charge
[25,76]. A notable SW asymmetry has been theoretically

reported in thin ferromagnetic nanotubes (NTs) when the
spin waves propagate along the tube while the equilib-
rium magnetization is in a vortex state [23–29]. It has
been further predicted that SW nonreciprocity is present
in the zeroth-order and higher-order azimuthal modes and
increases with the NT thickness [28,29]. Recent mea-
surements with time-resolved scanning transmission x-
ray microscopy evidenced the nonreciprocal dispersion
of hexagonal nanotubes, where localized modes were
observed in the highly curved corners and flat edges [84].
The degenerate nature of the modes with azimuthal wave
vectors known from round tubes is partly lifted in hexago-
nal nanotubes, resulting in singlet and duplet modes [84].
A characteristic of curvature-induced symmetry breaking
is that, for increasing radii, the frequency shift (frequency
difference of two counterpropagating waves evaluated at
a fixed wave-vector magnitude) decreases because of the
negligible influence of curvature. Namely, as the curvature
decreases, the nanotube tends to a planar membrane, where
the frequency nonreciprocity vanishes [28].

This paper proposes a cylindrical synthetic antifer-
romagnet (CSA) as a nonreciprocal and unidirectional
magnonic waveguide. The nanostructure comprises two
antiparallel coupled nanotubes, where a vortex ground
state is established in each nanotube. The dynamic matrix
method is utilized to calculate the temporal evolution of
the magnetization so that the system is not limited to thin
tubes [28]. There is a wide range of frequencies in the CSA
design, where spin waves have only negative phase veloc-
ity, which leads to diodelike propagation. There are two
contributions to the dipolar field that behave as chirality
sources. The first is the asymmetric field from interlayer
dipolar coupling [36] and the second is the contribution of
curvature [23]. The combined influence of the two mech-
anisms is studied, where it is found that the proposed
architecture preserves the dynamic chiral properties as the
curvature of the NT is reduced, which is a remarkable
difference concerning an isolated NT, where the SW asym-
metry tends to zero as the curvature decreases. It is also
demonstrated that both planar and cylindrical synthetic
antiferromagnets have similar dynamic properties when
the layers are thin. An analytical formula is presented to
understand the nonreciprocal properties of the cylindrical
synthetic antiferromagnets.

II. THEORETICAL METHOD

The model follows Ref. [28], where an in-house-
developed theory based on the dynamic matrix method
[85,86] is used. The method goes beyond the ultrathin
approach and allows for the description of thick nan-
otubes, where the usually ignored radial inhomogene-
ity of the dynamic magnetization is taken into account.
The increment in the thickness d is essential to enhance the
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FIG. 1. A cylindrical synthetic antiferromagnet is illustrated.
The spin waves propagate along the symmetry axis, where a vor-
tex equilibrium configuration is assumed for both nanotubes. The
inner tube has a counterclockwise orientation, while the outer
one presents a clockwise vortex state. The thickness of each nan-
otube is denoted by di and do, which correspond to the inner and
outer nanotubes, respectively. The nonmagnetic shell that sepa-
rates the magnetic NTs has a thickness s, while the inner radius of
the system is a. The insets depict the notation and the antiparallel
vortices.

dipolar nonreciprocity that scales with d [36], instead of
the chiral behavior established with interfacial Dzyaloshin-
skii–Moriya interaction (DMI), which scales with 1/d [45]
and undesirably enlarges damping [87] while decreasing
the spin-wave lifetime. The theory is applied to the case of
a cylindrical synthetic antiferromagnet, where two coaxial
tubes are coupled. An interlayer exchange interaction of
the type εex = −ξ(Mn · Mp)/(M 2

s ) is used to stabilize the
antiparallel configuration (see Fig. 1). Here, Ms is the satu-
ration magnetization, ξ is an interlayer exchange constant
with energy/length units, and n, p refers to the ferromag-
netic cylindrical layer at the nonmagnetic/ferromagnetic
interface. To account for the left- and right-handed ori-
entations of the vortex, the equilibrium magnetizations
are written as Mn

eq(r, t) = CnM n
s ϕ̂. Here, the factor Cn

describes the chirality of the vortex magnetization at each
layer; in the case of counterclockwise orientation Cn = 1,
while for the clockwise case Cn = −1. In what follows,
the local basis (ên

1, ên
2, ên

3) = (ρ̂, Cnϕ̂, Cnẑ) induced by the
chirality of each layer is used. It is noted that the relation
of the dynamic magnetization components in both bases is
(mn

ρ , mn
ϕ , mn

z ) = (mn
1, Cnmn

2, Cnmn
3).

From εex, the components of the exchange interlayer
effective field acting in the cylindrical shell n are:

(hn
inter)1 =

∑

<p>

J np
ex

M 2
s S(n)

mp
1 , (1)

(H n
inter)2 =

∑

<p>

J np
ex

M 2
s S(n)

CnCp , (2)

(hn
inter)3 =

∑

<p>

J np
ex

M 2
s S(n)

CnCpmp
3 , (3)

where the sum is over neighboring layers. In the case
of a cylindrical synthetic antiferromagnet, J np

ex < 0 at
the interface, that is, whenever Cn = −Cp . On the other
hand, by keeping in mind that both NTs are divided into
many sublayers, the dipolar interaction between cylindri-
cal shells can be accounted for by following Ref. [28],
where the dynamic effective dipolar fields are written as
hn = −∑

p �
np
dip · mp . Then, the dynamic demagnetizing

tensor �
np
dip, with respect to the local basis, is given by

(�
np
dip)11 =

∫∫∫
ρ ′∂ρρ′G(ρ, ρ ′, ϕ′)dρdρ ′dϕ′, (4a)

(�
np
dip)31 = ikCn

∫∫∫
ρ ′∂ρ′G(ρ, ρ ′, ϕ′)dρdρ ′dϕ′, (4b)

(�
np
dip)13 = −ikCp

∫∫∫
ρ ′∂ρG(ρ, ρ ′, ϕ′)dρdρ ′dϕ′, (4c)

(�
np
dip)33 = k2CnCp

∫∫∫
ρ ′G(ρ, ρ ′, ϕ′)dρdρ ′dϕ′. (4d)

Here, k represents the z component of the wave vector and
function G(ρ, ρ ′, ϕ′) is defined in Eq. (11) of Ref. [28]. The
uniaxial anisotropy contribution can also be found in Ref.
[28], while the external field is assumed to be zero.

III. RESULTS AND DISCUSSION

For the calculations, permalloy (Py: Ni80Fe20) mag-
netic parameters are chosen for both tubular layers, where
the saturation magnetization and the exchange constant
are Ms = 796 kA/m and Aex = 13 pJ/m, respectively.
A uniaxial anisotropy is used to stabilize the equilib-
rium vortex state of the magnetization for each tube,
where the anisotropy constant is Ku = −50 kJ/m3 [26],
which compensates for the exchange interaction arising
in the vortex state. Note that the negative value of Ku
implies that an orientation perpendicular to the z axis is
favored, stabilizing both the clockwise and counterclock-
wise vortices. The magnitude of the gyromagnetic ratio
is γ = 175.929 GHz/T, while the exchange constant is
ξ = −160π × 10−9 mJ/m [88]. The magnetization must
be free to change along with the NT thickness. There-
fore, according to the dynamic matrix method, the thick
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(a) (d)

(b) (c) (e) (f)

FIG. 2. Spin-wave dispersion and frequency shift for single and bilayer nanotubes with internal radius a = 20 nm. (a)–(c) An
isolated nanotube is considered. (d)–(f) The curves are calculated for the proposed cylindrical synthetic antiferromagnet. In the case
of one NT, calculations are realized for thicknesses of 10 nm (black), 20 nm (blue), and 30 nm (red). In the bilayer nanotube, the
thickness of both layers is di + do = 10 nm, 20 nm, and 30 nm (with di = do). The thickness of the spacer is s = 0.5 nm. In (a),(d),
the solid lines correspond to the zeroth-order modes, while the dashed lines to the first-order modes. The bottom panels represent the
frequency shift versus the wave vector for the different modes. The red shaded zone depicts the frequency and wave-vector range, for
the case di + do = 30 nm, where the group velocity is positive and negative, while the phase velocity is negative.

nanotube is divided into thinner cylindrical layers (of 1
nm in thickness), coupled through dipolar and exchange
interactions.

Figure 2 shows the SW dispersion of an isolated nan-
otube [Fig. 2(a)] and a cylindrical synthetic antiferromag-
net [Fig. 2(d)]. The thickness of the isolated NT is d, while
the thickness of the CSA is di (do) for the inner (outer)
tube. Exemplary tubular shells of d = 10, 20, and 30 nm
are considered in Fig. 2(a), while di + do = 10, 20, and 30
nm (with di = do) in Fig. 2(d). The spacer thickness is s =
0.5 nm, and the internal radius is a = 20 nm. The results
show that both systems present dynamic chiral features
due to the dipolar interaction, evidenced by the asymmet-
ric spin-wave dispersion. Such an asymmetry increases
with the shell thicknesses, where standing radial waves
are observed at affordable frequencies when d is large [see
dashed line in Fig. 2(a)]. In the case of a cylindrical syn-
thetic antiferromagnet, two SW modes are observed for
di = do = 20 and 30 nm, while only the lowest SW branch
is observed for di = do = 10 nm. Higher-order modes are
also excited in both isolated and coupled tubular systems,

but at frequencies higher than 32 GHz. Note that the SW
dispersion of the high-frequency modes shown in Fig. 2(d)
has larger frequencies for the negative wave vectors, while
the opposite is obtained for the low-frequency branches.
This behavior can be explained by analyzing the theory
described in Ref. [36] for a planar SA, where one can show
that for the lowest SW branch, a flux-closure dynamical
state is obtained at negative wave vectors, which implies
a reduction of the dynamic dipolar energy is reached for
such negative wave vectors (see Fig. 3 of Ref. [36]). Then,
similar behavior is obtained for the high-frequency mode,
but in this case, the flux-closure dynamical state is given
at positive wave vectors. Such asymmetry can also be seen
from Eqs. (1) and (2) in Ref. [36], where there is a clear
difference in sign between the first and second mode, espe-
cially in the first term of each equation. Figures 2(b), 2(c),
2(e), and 2(f) depict the magnitude of the frequency shift as
a function of the wave vector k. Such a frequency shift is
defined as 
f = f (k) − f (−k). Here, it is observed that
the maximum value of |
f | is similar in both systems,
while such a quantity is given at different wave vectors (see
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lower panels in Fig. 2). As the internal radius increases,
the frequency shift of the isolated tube decreases, while
a completely different behavior occurs for the cylindrical
synthetic antiferromagnet, which is discussed below. An
attractive characteristic of the magnonic dispersion of the
bilayer nanotube is that it manifests a broad range of fre-
quencies where the phase velocity is negative, while the
group velocity can be positive (df /dk > 0) or negative
(df /dk < 0). In the red shaded zones shown in Figs. 2(a)
and 2(d), one can observe that, in the case of a thickness
of 30 nm, the frequency range increases from approxi-
mately 0.3 GHz for a single NT to 2 GHz for two coupled
NTs. This behavior can be helpful since it allows inducing
resilience to back reflections caused by defects [39], which
makes the SW propagation more robust.

The SW dispersion of the low-frequency mode is fur-
ther explored as a function of the anisotropy and the shell
thicknesses. Figure 3(a) shows the dispersion of two thick
coaxial shells of the same thickness (di = do = 25 nm) for
different ratios of the uniaxial anisotropy, where the ref-
erence anisotropy constant is Ku = −50 mJ/m3. One can
observe that, at zero fields, the minimum of the lowest
SW branch approaches the k = 0 state as |Ki

u| < |Ko
u |. Of

course, for this analysis, at least one of the anisotropies is
finite to make the vortex equilibrium configuration stable.
If both anisotropies decrease in magnitude, the minimum
of the SW dispersion reaches the zero frequency point,
where the vortex equilibrium becomes unstable. In the
presence of an external field, the dispersion moves up
without altering the minimum wave-vector position (not
shown). Another interesting behavior occurs when both
cylindrical shells have different thicknesses. In Fig. 3(b),
only the cases di = 5 nm and do = 45 nm; and di =
15 nm and do = 35 nm have different thicknesses. If the
thicknesses are not too different (case di = 15 nm and
do = 35 nm), the SW dispersion is not notably modi-
fied. Nonetheless, if the thickness asymmetry is more
pronounced (see case di = 5 nm and do = 45 nm), the
mode excited in one direction is characterized by having
a low group velocity in a broad wave-vector range [see
the shaded area in Fig. 3(b)]. This behavior is understood
by considering the dispersion of one NT. The dashed black
line in Fig. 3(b) shows the case of one NT with d = 45 nm,
where the group velocity is negative at k < 0 after a fre-
quency minimum close to k = 0 (see inset). In contrast, for
two coupled NTs with the same thickness [see solid blue
line in Fig. 3(b) for di = do = 25 nm], the group velocity
is positive at k > −20 rad/μm. Thus, as the thickness of
one of the NTs decreases, the cylindrical bilayer’s disper-
sion approaches that of an isolated nanotube. Thus, there
is a transition from df /dk < 0 to df /dk > 0. This transi-
tion implies that at a given point, the group velocity must
be close to zero, which is observed in Fig. 3(b) (see open
triangles). One can also see that the minimum of the SW
dispersion close to k = 0 (for one NT) is also present in the

(a)

(b)

FIG. 3. SW dispersion of the low-frequency mode of a bilayer
nanotube for varying anisotropies and thicknesses. (a) Cases with
different anisotropies are analyzed, where the reference value is
Ku = −50 mJ/m3. The anisotropy of the inner (outer) nanotube
is described by Ki

u (Ko
u ), and the thickness of each layer is 25 nm.

(b) The total thickness of the system is kept fixed, while the
thicknesses in both layers are varied. di and do correspond to
the thickness of the inner and outer nanotubes, respectively. The
shaded zone in (b) highlights the range of frequencies and wave
vectors with a small magnitude of the group velocity, while the
inset shows the dispersion of one NT (with d = 45 nm) and the
case of a CSA with di = 5 nm and do = 45 nm. All calculations
are realized for a = 20 nm.

case di = 5 nm and do = 45 nm of the cylindrical synthetic
antiferromagnet [see inset in Fig. 3(b)].

The curvature-induced symmetry breaking caused by
the dipolar interaction can be attributed to two processes:
first, the geometrical charges induced by the curvature
[25]; and second, the flux-closure dynamical state induced
by the antiferromagnetic alignment of the magnetizations.
The latter is present in a planar synthetic antiferromag-
net, where the geometrical charges are absent [36,39,
41]. In Fig. 4(a), the frequency shift (evaluated at |k| =
20 rad/μm) is calculated as a function of the internal
radius, where the curvature effects decay with a. The single
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nanotube case shows the expected behavior with increas-
ing radius (open circles), where nonreciprocity decays as
1/a; an inner radius considerably more significant than the
exchange length has vanishing magnetochiral effects from
curvature [28]. Interestingly, this is not the case for a tubu-
lar magnetic bilayer, where the frequency shift (filled cir-
cles) converges to a constant value as the curvature radius
increases. Indeed, as shown by the dashed line in Fig. 4(a),
such a value approximates that of a planar synthetic anti-
ferromagnet [89]. The SW dispersions of the synthetic
antiferromagnets (planar and tubular) are also similar as
the curvature decreases. This behavior is observed in Figs.
4(b) and 4(c), where the SW frequencies for a = 50 nm
and 250 nm are compared. In addition, the amplitudes of
the dynamic magnetization components are also equiva-
lent as the curvature decreases (not shown). In principle,
these similarities between planar and tubular systems are
expected since, as a increases, curvature effects vanish, and
the dynamic behavior of the tubular bilayer must be equiv-
alent to the planar one. Nevertheless, the range of curvature
where this matching occurs is not too extensive; it is just
a few hundred nanometers, and it can be even lower if
the thicknesses of the tubular layers decrease. This find-
ing implies that magnetochiral properties are preserved in
a cylindrical bilayer regardless of the radius of the inter-
nal tube. In isolated microtubes prepared from rolled-up
ferromagnetic layers [90,91], for instance, the nonrecipro-
cal features have not been observed since magnetochiral
effects due to curvature are visible only for tube radius
comparable with the exchange length of a few nanometers.
In contrast, a tubular magnetic bilayer can manifest mag-
netochirality in the micrometer regime, not from curvature
but the asymmetric interlayer dipolar coupling. Therefore,
it can be concluded that the nonreciprocity observed in a
tubular synthetic antiferromagnet stems mainly from the
interlayer dipolar interaction described in Ref. [36] rather
than the geometrical charges of the isolated nanotubes.

The previous results imply that analytical expressions
can be used to estimate the magnonic dispersion and fre-
quency shift of cylindrical synthetic antiferromagnets with
thin layers (d ≤ �ex). For instance, the frequency shift for
two antiparallel coupled thin layers (see Eq. (8) of Ref.
[36]) is


fAP = 2γ

π
μ0Ms sinh2(kd/2)

e−|k|(d+s)

kd
, (5)

where both ferromagnetic layers have a thickness d. Now,

fAP can be used to predict the frequency shift of CSAs
with a � �ex. In Fig. 5, the formalism developed here
is contrasted with the theory for planar bilayers [see Eq.
(5)] evaluated at fixed inner radius a = 40 nm. For the
cylindrical nanostructure, three cases are considered with
exemplary shell thicknesses of di = do = 2, 4, and 8 nm.
Similar layer thicknesses are used for the planar system.

(a)

(b) (c)

FIG. 4. (a) Spin-wave frequency shift induced by the dipolar
interaction in different types of structures as a function of the
internal radius a. 
f is evaluated at |k| = 20 rad/μm. The thick-
ness of the isolated NT is d = 30 nm, while the thicknesses of the
synthetic antiferromagnet layers are 15 nm. Open circles describe
the case of one isolated nanotube, while the filled circles corre-
spond to the cylindrical synthetic antiferromagnet. Dashed lines
show the frequency shift of a planar synthetic antiferromagnet.
SW dispersion for planar and cylindrical synthetic antiferromag-
nets evaluated at (b) a = 50 nm and (c) a = 250 nm. Darker
(lighter) lines correspond to the modes of the tubular (planar)
system.

An almost perfect agreement between both models is evi-
denced. As the thicknesses of the layers increase, the
discrepancy between both theories increases, which is rea-
sonable since the frequency shift 
fAP is derived for thin
films, where a homogeneous radial SW profile is assumed.
Therefore, the dynamical properties of two oppositely
magnetized nanotubes can be analytically handled with
the expressions used for planar synthetic antiferromag-
nets, provided that the curvilinear shells of the system are
thin and a � �ex. These results are beneficial for rapidly
quantifying the nonreciprocal features of a tubular bilayer,
allowing the influence of geometry on spin-wave dynam-
ics to be visualized. Note that at small wave vectors, the
frequency shift shown in Eq. (5) varies linearly with k.
Thus, according to Ref. [36], the contribution of the SW
asymmetry induced by the dynamic dipolar interaction has
the same characteristics as that induced by the interfa-
cial Dzyaloshinskii-Moriya coupling. One can also note
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FIG. 5. Comparison between the frequency shift, obtained
from the calculation of the curved bilayer structure, and the fre-
quency shift estimated from the formula for flat bilayers given
in Eq. (5). Three cases are considered, where the thicknesses of
the cylindrical NTs [and layers, in the case of Eq. (5)] are 2, 4,
and 6 nm. An inner radius a = 40 nm is used for the cylindrical
synthetic antiferromagnet.

that Eq. (5) does not depend on the interlayer exchange
constant in the small-curvature limit. Nonetheless, as the
wave vector increases, the exchange coupling between
layers influences the nonreciprocal properties of the spin
waves. Indeed, as the exchange constant ξ increases, the
SW asymmetry is reduced (not shown) because such an
interlayer exchange interaction with nonchiral properties
becomes relevant.

IV. SUMMARY

In conclusion, calculations demonstrate that the spin-
wave spectrum of cylindrical synthetic antiferromagnets
shows a chiral behavior. The nonreciprocal character of the
waves is preserved as the nanotube radius increases, which
is a notable advantage over the nonreciprocity of an iso-
lated nanotube, where the spin-wave asymmetry vanishes
as the curvature decreases. By analyzing the frequency
dispersion as a function of curvature, it is found that the
dynamic behavior of the tubular bilayer matches that of
a planar synthetic antiferromagnetic when the radii are
a few hundred nanometers. In the case of ultrathin lay-
ers, both planar and cylindrical synthetic antiferromagnets
have similar magnetochiral properties. Therefore, analyt-
ical formulas can be used to estimate the frequency shift
of the cylindrical synthetic antiferromagnet, which is very
helpful in analyzing the influence of geometry on spin-
wave dynamics. The proposed structure also shows a wide
range of frequencies and wave vectors where unidirec-
tional magnonic propagation is expected. These results
are essential for envisioning future logic devices based

on nonreciprocal wave propagation at the microscale and
nanoscale.
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