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Magnonic Band Structure in Vertical Meander-Shaped Co40Fe40B20 Thin Films
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Exploring the third dimension in magnonic systems is essential for the investigation of alternative phys-
ical phenomena and for the control of spin-wave propagation at the nanoscale. Here, the characteristics
of spin waves in vertical meander-shaped Co40Fe40B20 thin films consisting of nanosegments located at
90° angles with respect to each other are investigated by Brillouin-light-scattering spectroscopy over four
Brillouin zones in reciprocal space. We reveal the dispersion relations and the periodic character of several
dispersive branches as well as alternating frequency bands, where spin waves are allowed or forbidden to
propagate. Between each couple of successive modes, frequency band gaps exist only for wave numbers
k = 2mπ /a, where m is an integer number and a is the size of the meander unit cell, whereas the spectra
show propagating modes in the orthogonal film segments for all the other wave numbers. Micromagnetic
simulations and analytical calculations are used to understand and explain the results in terms of the mode
spatial localization and symmetry. We show that the width and the center frequency of the magnonic band
gaps can be controlled by changing the geometrical parameters of the meander-shaped film. The investi-
gated samples behave as three-dimensional waveguides where spin waves propagate in the film segments
located at 90° angles with respect to each other, thus making possible vertical spin-wave transport for
multilayer magnonic architectures and signal processing.

DOI: 10.1103/PhysRevApplied.15.014061

I. INTRODUCTION

The concept of magnonic crystals (MCs), magnetic
metamaterials with periodically modulated properties on
the nanoscale, was proposed about 20 years ago as the
magnetic counterpart of photonic crystals [1–3]. MCs
exhibit engineered and reprogrammable spin-wave (SW) b
and structures with alternating frequency gaps and allowed
bands for SW propagation [4,5]. MCs with periodicity in
one and two dimensions have been widely studied in vari-
ous arrangements [6–16] and have played a central role in
the research field of magnonics, which addresses the use
of SWs, or magnons (the SW quanta), as a tool for signal
processing, communication and computation with promis-
ing prospects for low energy consumption and potential
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compatibility with the next generation of beyond CMOS
electronic circuits [17–20].

In recent years, in order to explore new physical effects
and functionalities, increasing attention has been given to
structures that are periodic in the film plane but inhomo-
geneous along the perpendicular direction [21–23]. The
inhomogeneity along the out-of-plane direction signifi-
cantly influences the SW propagation in the periodic land-
scape of the planar ferromagnetic film. For example, the
vertical stacking of ferromagnetic materials offers more
coupling mechanisms, i.e., an interplay between dipolar
and interlayer exchange due to small interlayer separation
whereas in two-dimensional (2D) systems the coupling
is essentially based on the long-range dipolar interaction.
Single and coupled waveguides were considered only in
the planar configuration, e.g., directional couplers per-
forming the functions of a waveguide crossing element
and frequency-selective magnonic drop filters in complex
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magnonic circuitry [24–26]. The interest in vertically cou-
pled magnetic structures follows a similar trend in CMOS
electronics [27,28], where it enables a transition from
two-dimensional to three-dimensional (3D) architectures
and also provides a possible roadmap for further scaling
[29,30]. The advantages of 3D over 2D magnetic systems
are also related to the different areas of research, physi-
cal effects, and potential applications [31,32]. For example,
one can explore unidirectional SW propagation, indirect
band gaps [33], or curvature-induced alternative dynamic
effects [34]. From the applications point of view, 3D inte-
gration permits more functionality in a smaller space,
thereby allowing for a larger number of vertical inter-
connections between the layers and an increased element
density in scalable and reconfigurable magnonic networks.

In this work, we propose MCs fabricated into nanometri-
cally thick vertical meander-shaped Co40Fe40B20 (CoFeB)
films consisting of ferromagnetic nanoscale segments
located at 90° angles with respect to each other, allowing
for SW propagation in three dimensions without signifi-
cant losses in the junction region. This approach avoids
the limitations of SW manipulation and steering [35,36],
which are hard to realize using in-plane magnetized films
due to the anisotropic SW dispersion that depends on
the relative orientation between the magnetization and
the wave vector. The magnonic band structure, measured
by wavevector-resolved Brillouin-light-scattering (BLS)
spectroscopy [37], exhibits full band gaps (BGs), whose
width and center frequency depend on the CoFeB film
thickness. Micromagnetic simulations accurately repro-
duce the experimental dispersion and the simulated mode
profiles reveal the presence of extended and quantized
standing SW modes in the horizontal and vertical seg-
ments. Finally, the formation of the magnonic band gaps as
well as the dependence of their width and center frequency
on the geometric film parameters are explained by the-
oretical calculations performed using the transfer matrix
method (TMM).

The vertical meander-shaped ferromagnetic films with
nanometric thickness can be considered as a prototype of
3D integrated magnonic structures that permit the verti-
cal shifting of propagating SW from one layer to another
placed at different heights. This opens up the prospect of
increasing the density of magnonic elements for scalable
networks and the realization of the multilevel architectures
of SW signal processing.

II. SAMPLE FABRICATION

Magnetic Co40Fe40B20 meander-shaped films are pro-
cessed on Si wafers using an industrial 300-mm platform.
In a first step, a 250-nm-thick SiO2 is formed by controlled
thermal oxidation of the Si substrate. The SiO2 is then
patterned to form a periodic meanderlike surface using
248-nm-DUV lithography and conventional reactive-ion

etching chemistry. The resulting periodic grating has a
height of h = 50 nm and a width of 300 nm. Subsequently,
Ta(2 nm)/CoFeB/Ta(2 nm) films are grown by physical
vapor deposition on top of the grating. The Ta serves as
a seed and cap layer to prevent the oxidation of the mag-
netic CoFeB films. The array lattice constant is a = 600 nm
resulting in an edge of the Brillouin zone (BZ) in reciprocal
space equal to π /a = 0.52 × 107 rad/m.

Two samples with different thicknesses (d1) and widths
(d2) of the CoFeB horizontal and vertical nanosegments,
respectively, are fabricated. A schematic drawing of the
meander-shaped film is shown in Fig. 1(a). The geomet-
ric parameters for the first sample are d1= 23 nm and
d2= 12 nm whereas for the second sample d1= 15 nm and
d2= 8 nm. In the remaining part of the paper, these samples
are labeled as d1-d2, i.e., 23-12 and 15-8 samples, respec-
tively. The meander lattice constant a is kept constant for
both samples. SEM images of the 23-12 meander-shaped
CoFeB film are depicted in Figs. 1(b) and 1(c). It can
clearly be seen that the CoFeB film coats the Si grating, as
well as well-defined vertical segments of nearly 90° angles.

(a)

Ta | CoFeB | Ta
(b) (c)

Ta | CoFeB | Ta

L2

FIG. 1. (a) Cross-section sketch of the meander-shaped film
unit cell with a periodicity of a = L1+2L2= 600 nm, where L1
and L2 are the lengths of the horizontal nanosegments with
thickness d1. The width of the vertical segments is d2, the
meander depth is h = 50 nm, and the total meander thickness is
thus S = h + d1. The dashed-dotted line represents the coordinate
(ξ ) along the meander structure. An external magnetic field is
applied along the z direction and propagation occurs in the x-
y plane. k1 and k2 represent the SW wave numbers along the
horizontal and vertical segments, respectively. �n and �n+1 are
the SW amplitudes at the input (x = −a/2) and output (x =+a/2)
sections of the meander-structure unit cell. (b), (c) SEM images
of the meander-shaped 23-12 CoFeB film.

014061-2



MAGNONIC BAND STRUCTURE IN . . . PHYS. REV. APPLIED 15, 014061 (2021)

Hysteresis loops of the meander-shaped and plane
CoFeB films are measured at room temperature by the
MOKE in the longitudinal configuration, using a photoe-
lastic modulator operating at 50 kHz and lock-in ampli-
fication. The applied magnetic field (H), directed along z
direction,is swept from +30 mT to −30 mT. Measured
loops for the meander-shaped films are square with 100%
remanence and coercivities of about 6 and 8 mT for the
23-12 and 15-8 samples, respectively, as shown in Fig. S1
within the Supplemental Material [38].

III. SPIN-WAVE SPECTRA MEASURED BY
BRILLOUIN-LIGHT-SCATTERING

SPECTROSCOPY

BLS spectra from thermally excited SWs are measured
in the 180° backscattering geometry using a 200-mW
solid-state laser operating at a wavelength λ = 532 nm.
The light is focused on the sample by a camera objec-
tive with a numerical aperture of 0.24, resulting in a laser
spot diameter of about 30 to 40 μm. The frequency of the
scattered light is analyzed using a (3 + 3)-tandem Fabry-
Perot interferometer [39]. Since light scattered from SWs
has a polarization rotated by 90° with respect to the inci-
dent beam, an analyzer set at extinction suppresses the
signal from both elastically scattered and surface phonon-
scattered light.

The sample is mounted on a goniometer, which allows
us to choose a specified angle of incidence of the light
(θ ) with an accuracy of 1°. Due to conservation of the
in-plane momentum, by changing θ it is possible to select
the magnitude of the in-plane component of the SW wave
vector [k = (4π /λ) sin(θ )]. To measure the SW dispersion

(frequency versus k) and to map the magnonic band struc-
ture, the magnon wavevectors k are swept along the x
direction from zero to the edge of the fourth Brillouin zone
at 4π /a = 2.08 × 107 rad/m. An external magnetic field of
μ0H = 50 mT is applied in the sample plane along the z
axis, in the so-called magnetostatic-surface-wave (MSSW)
configuration. This applied field ensured the saturation of
the CoFeB magnetization, as can be inferred from the
MOKE loops presented in Fig. S1 within the Supplemen-
tal Material [38]. The comparison between the measured
and calculated dispersion (frequency versus wave vector)
for planar 23-nm and 15-nm-thick CoFeB films is shown
in Fig. S2 within the Supplemental Material [38].

Figure 2 presents the sequence of the BLS spectra
for the two investigated samples over the first two BZs,
i.e., by varying k from 0 to 2π /a = 1.04 × 107 rad/m,
where a = 600 nm is the magnonic unit cell. Several well-
resolved peaks are observed on both the Stokes and anti-
Stokes side of the spectra. The red and blue highlighted
peaks correspond to the two lowest-frequency SW modes,
which exhibit the largest frequency variation within the
investigated wave-vector range. The frequency separation
between these two modes decreases from k = 0 to k =π /a
where the two peaks merge and can not be resolved any-
more. Upon further increasing k to k = 2π /a, they split
again until they reach the same frequency values measured
at k = 0. For the 23-12 meander film, the peak at 27.2 GHz,
whose frequency is independent on k, corresponds to the
first perpendicular-standing spin-wave (PSSW) mode of
the 23-nm-thick horizontal segment. It should be noted that
the frequency of the PSSW mode for the 15-8 sample is
well above 20 GHz and therefore the corresponding peaks
are not visible in the BLS spectra.

(a) (b) FIG. 2. BLS spectra at
μ0H 0= 50 mT recorded at dif-
ferent k values within the first two
BZs for (a) 23-12 and (b) 15-8
meander-shaped CoFeB films.
Labels of each spectrum correspond
to the k value expressed in 107

rad/m. On the anti-Stokes side of the
spectra, the two lowest frequency
modes are highlighted by the red (R)
and blue (B) peak. For the 23-12
sample, a vertical dashed line is
included as a guide for the eye to
indicate the position of the PSSW
mode.
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IV. MICROMAGNETIC SIMULATIONS OF
MAGNONIC BAND STRUCTURE

To model the dynamic response and the magnonic
band structure experimentally obtained by Brillouin-light-
scattering spectroscopy, we perform micromagnetic simu-
lations using the open-source GPU accelerated MuMax3
software [40]. The computational region of the meander-
shaped film is depicted in Fig. 1(a). Along the x and z axes,
periodic boundary conditions (PBCs) are established while
along the y axis, the size of the region corresponds to the
height S of the studied meander structures.

The CoFeB films are discretized into micromagnetic
cells of dimensions �x = �y =�z = 1 × 1 × 1 nm3. As
in experiment, a bias magnetic field of 50 mT is directed
along the z axis [see Fig. 1(a)]. To excite SWs in the sys-
tem, an out-of-plane (y direction) sinc-function magnetic
field with an amplitude of 1 mT and with a cut-off fre-
quency of 35 GHz is applied in the excitation region of Fig.
S2 within the Supplemental Material [38]. The SW prop-
agation characteristics are obtained by means of a Fourier
transform of the temporal evolution of the average mag-
netization component along the y direction [My(t)] over a
simulation time of 300 ns within the detection region of
Fig. S2 within the Supplemental Material [38]. The spa-
tial profile of each mode in one period of the meander
structure is extracted by plotting the My component of
the dynamic magnetization for the frequencies of the SW
modes through the continuous-wave excitation regime of
the SW signal.

For the magnonic band-structure calculations, the com-
putational structure has dimensions of 8000 and 300 nm
along the x and z directions, respectively. To obtain the

dispersion characteristics, a computational region contain-
ing 10 meander periods with a total length of 6000 nm
along the x axis is used (see Fig. S3 within the Supple-
mental Material [38]). From the left and right edges, the
meander is extended with homogeneous CoFeB regions of
constant thickness d and lengths of 1000 nm. To excite
and detect SW excitations, we use regions with a width
of 100 nm located at a distance of 800 nm from the edges
of the structure. The distance between the centers of the
excitation and detection regions is 6100 nm. To avoid the
reflection of SWs at the edges of the structure, 700-nm-
wide absorbing boundary layers (ABLs) along the x axis
are introduced with an increase in the Gilbert damping
according to α(x) = α0(x − x0)

2 (with x0 the coordinate at
the beginning of the ABL) from a minimum value of 0.003
to a maximum of 1 [41].

V. RESULTS AND DISCUSSION

The frequencies of the SW modes are extracted by fit-
ting the peaks in the BLS spectra (displayed in Fig. 2) with
Lorentzian functions. The results are plotted as a func-
tion of their respective wave vectors (k) up to the fourth
BZ in Fig. 3. The magnonic band structure shows periodic
branches in the dispersion relation as well as the frequency
ranges, in which SWs are forbidden to propagate through
the crystals. Note that the overall features of the mea-
sured dispersions are quantitatively reproduced well by the
micromagnetic simulations (solid lines in Fig. 3).

Let us first analyze the band structure for the 23-12
sample. The amplitude of the magnonic band is more pro-
nounced for the two lowest frequency modes and decreases

(a) (b) FIG. 3. Measured magnonic band
structure for the vertical meander-
shaped (a) 23-12 and (b) 15-8 CoFeB
films. Red and blue points represent
the frequency of the lowest two fre-
quency peaks in Fig. 2 while micro-
magnetic dispersion data are repre-
sented by the green solid lines. The
gray regions indicate the BGm fre-
quency ranges for m = 1 and 2.
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for the highest ones. The frequencies of this mode dou-
blet oscillate in antiphase within the same frequency range,
i.e., from f1= 9.6 to f3= 15.1 GHz. Their group velocities
vg = dω/dk at k = 0 have opposite signs and differ by one
order of magnitude, i.e., 7.25 × 103 and −5.23 × 102 m/s
for the first- and second-lowest frequency modes, respec-
tively. The resulting magnonic bandwidth of these two
modes is f3-f1= 5.5 GHz demonstrating a rather large fre-
quency range over which the SWs can propagate along
with the vertical meander structure. The third-lowest fre-
quency mode has vg = 2.2 × 102 m/s with a magnonic
bandwidth of approximately equal to 1.2 GHz, while the
fourth-lowest frequency mode has a much less pronounced
dispersive character. Between each successive doublet of
modes, full magnonic BGs are observed, where SWs are
forbidden to propagate through the crystals. These are
highlighted by the gray areas in Fig. 3.

The width of the first BG1 is 1.05 GHz while that of
BG2 is 1.65 GHz. We notice that, for higher-order modes,
BGs are neither observed in the experiment nor predicted
by the numerical calculation. Furthermore, no magnonic
BG is observed between the two lowest frequency modes
for k =π /a = 0.52 × 107 rad/m. The two lowest frequency
modes (red and blues peaks of Fig. 2) merge into one
single peak at frequency f2 with nonvanishing group veloc-
ity. This is different from what is generally observed for
single- [42] and multilayer [23] 1D MCs where magnons
with wavelengths satisfying the Bragg condition k = π /a
are resonantly scattered back, leading to the formation of
BGs in the SW spectra.

A similar frequency dispersion is measured for the 15-
8 meander-shaped film, as well with an overall magnonic
band shifted downward but exhibiting the same value of
the bottom frequency at k = 0 (9.6 GHz). The two lowest
frequency modes have an oscillation amplitude (4.4 GHz)
between 9.6 and 14 GHz, which is smaller compared to the
23-12 sample (5.5 GHz). It is worthwhile to remark that
the center frequency position of the band gaps (BG1 and
BG2) is downshifted and narrower than those observed in
the 23-12 sample.

Using micromagnetic simulations, we calculate the spa-
tial profiles of the modes at the edges of the forbidden
zones BG1 (f3 and f4) and BG2 (f5 and f6). Magnetic param-
eters, i.e., the saturation magnetization Ms = 1400 kA/m
and the exchange constant of Aex= 2.1 × 10−11J/m, are
extracted from measurements of the frequency disper-
sion of SWs in planar films with thicknesses of 23 and
15 nm (see Fig. S2 within the Supplemental Material
[38]). Figure 4 shows the normalized y component of the
dynamic magnetization (My /Ms) for sample 23-12. Similar
results are also obtained for the 15-8 sample. Since the unit
cell exhibits mirror symmetry with respect to the vertical
y axis, spatial distributions for standing SWs and Bloch
waves in the primitive cell will also have a similar type
of symmetry. In particular, the modes at frequencies f3 and

(a)

(b)

(c)

(d)

FIG. 4. Spatial distribution of modes (My /Ms) in the meander-
shaped 23-12 CoFeB film calculated by micromagnetic sim-
ulations at the edges of BG1 (f3 and f4) and BG2 (f5 and
f6).

f4, which represent the edges of the first forbidden zone
BG1 in Fig. 3 are symmetric and antisymmetric, respec-
tively, with respect to the center of the meander-shaped
film x = 0. In contrast, modes f5 and f6 for BG2 are anti-
symmetric and symmetric with respect to x = 0. The mode
profiles of Fig. 4 are also plotted in Fig. S4 within the
Supplemental Material [38] as a function of the meander
coordinate ξ . These observations suggest that the mode
profiles at the BG edges correspond to standing waves
with zero group velocity and the same Bloch wave num-
ber k = 2πm/a, m = ±1, ±2 . . . . in a periodic meander
structure. These stationary waves are formed by succes-
sive reflections of propagative waves when the Bragg
condition is fulfilled. Symmetric mode profiles alternate
with the antisymmetric ones along with monotonous fre-
quency increase at k = 2πm/a, m = ±1, ±2 . . . ., while at
k = πn/a, n = ±1, ±2 . . . . the mode profile is subjected
to a smooth transition from the top of one opened BG to
the bottom of the next-order BG.

To understand in more detail the formation of the
magnonic BGs in these samples, we use the TMM, a stan-
dard approach [25,26,43], to study the wave-propagation
characteristics in photonic [44], magnonic [45–47], and
phononic [48] crystal waveguides and to analyze in detail
the calculated frequency dispersion of all modes and their
spatial profiles. We assume a meander-shaped film, which
is infinite along the z axis while being characterized along
the x axis by a period a. Along the y axis the structure
has a depth S. For μ0H applied along the z direction,
MSSWs propagate at a certain frequency in the horizon-
tal and vertical segments of a unit cell of thickness d1 and
width d2 since the wave numbers k1 and k2, are perpen-
dicular to the direction of the externally applied field, as
shown in Fig. 1(a). The exchange interaction as well as
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(a) (b)

f1 = 8.48

f2 = 12.87

f3 = 15.09

f4 = 16.53

f5 = 18.94

f6 = 20.05

f1 = 8.48

f6

f6

f5

f5

f4

f4

f3

f3

f1f1

f2

f2 Df1

Df1

Df3

Df3

Df2

Df2

f2 = 10.63

f3 = 11.95

f4 = 12.995

f5 = 14.72

f6 = 15.71

FIG. 5. (a) Dispersion diagram of dipolar SWs in a meander-type structure with thicknesses d1 = 23 and d2= 12 nm. The position
and the width of the first three forbidden zones (BG1−3, �f1−3) are depicted. The dashed lines indicate the values of the Bloch wave
numbers km = mπ /a. The characteristic frequencies f1−6 are denoted with red dots. (b) As in (a) for d1 = 15 nm and d2= 8 nm.

a possible magnetic anisotropy are neglected in the cal-
culations. The periodicity of the structure is introduced
by cascading the meander-shaped periods and consider-
ing the SW amplitude at the input (�n at x = −a/2) and
output (�n+1 at x =+a/2) of each period as determined
by interference effects between the incident, reflected, and
transmitted SWs. The general dispersion equation connect-
ing the Bloch wave number k with the frequency ω and
wave numbers k1 and k2 of SWs has a simple form:

ka = arccos(
) + 2πm, m = 0, ±1, ±2 . . . . (1)

where


 = �4 cos(χ − δ)+2�2[1− cos(δ) − cos(χ)] + cos(χ+δ)

(� + 1)2(�−1)2 ,

δ = 2k2(ω)(S − d1) and χ = 2k1(ω)L1. � = (d1 − d2)/

(d1 + d2) defines the reflection coefficient from the junc-
tion of two waveguides in the case of the wave propagating
in the section with larger thickness and then traveling along
the section with smaller thickness.

For MSSWs propagating in the meander-shaped film,
the dispersion equation has a simple form:

k1,2(ω) = − 1
2d1,2

ln
{

1 − 4[ω2 − ωh(ωh + ωm)]
ωm

2

}
, (2)

where ωh = γ H0, ωm = γμ0Ms, and γ is the gyromag-
netic ratio, Ms is the saturation magnetization. Further

details of the TMM are described within the Supplemental
Material [38].

Figures 5(a) and 5(b) show the result of SW band-
structure calculations performed using Eqs. (S10) and
(S11) for the two meander-shaped CoFeB films (23-12
and 15-8) for an external magnetic field μ0H 0= 50 mT
applied along the z axis, as shown in Fig. 1(a). The cal-
culated band structures exhibit similar features: all modes
have an oscillating frequency behavior with the same
periodicity and BG width (�f ), which decreases monoton-
ically with increasing mode frequency (BG1>BG2>BG3).
The magnonic bandwidth and BG for the 23-12 sample
are larger than for the 15-8 sample, which, by contrast,
exhibits a larger number of modes in the same frequency
range.

In addition, when comparing the results in Fig. 5(a) to
those calculated by micromagnetic simulations in Fig. 3(a)
for sample 23-12, we notice that the two approaches
provide similar results for the dispersion of the low-
est three modes while for the fourth-lowest frequency
mode micromagnetic calculations provide an almost con-
stant frequency value. Moreover, the TMM predicts that
the width of the BGs decreases for increasing mode fre-
quency, whereas this is not the case for the micromagnetic
band structure, as shown in Fig. 3. These discrepancies
are mainly ascribed to the fact that intralayer exchange
interaction is neglected in the TMM calculations.

The results of the TMM numerical calculations for the
spatial distribution of |�| along the coordinate ξ at fre-
quencies from f1 to f6 are shown in Figs. 6(a)–6(c) for the
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(a)

(b)

(c)

(d)

(e)

FIG. 6. (a)−(c) Scheme for setting the eigenfunction form
along the corresponding segments of the structure with coordi-
nate ξ together with the absolute value of the spatial SW mode
amplitudes (�) at different frequencies from f1 to f6. Notice that
in (a) the vertical scale for |�(ξ)| goes from 0.8 to 1 and not
from 0 to 1 like in (b) and (c). (d) Real part of spatial distribution
of SW amplitudes at frequencies f3, f4 demonstrating the local-
ization either in vertical or in horizontal segments and symmetry
with respect to the center of the unit cell (x = 0). (e) As in (d) for
modes at frequencies f5 and f6.

23-12 sample. The lowest-frequency mode at frequency f1
is uniformly distributed along the meander-shaped CoFeB
film and resembles the Kittel mode of ferromagnetic

resonance. Mode f2 has a similar profile as f1 but presents
a shallow minimum in the vertical segment. The disper-
sion characteristics in the vicinity of f2 show two passbands
connecting at a point 2kL1=πa and corresponding to
symmetric and antisymmetric modes with respect to the
yz-plane crossing x = 0 position. At 2kL1>π , the symmet-
ric mode becomes antisymmetric and vice versa. It should
be noted that the dispersion characteristics of waves in
periodic structures are determined not only by the mate-
rial parameters of the media and the geometry of the unit
cells but also by their symmetry.

The CoFeB−based meander structure studied in this
paper show a mirror symmetry with respect to the y-z
plane passing through the point x = 0 and a gliding plane
symmetry (glide reflection symmetry). A unit cell of a
meander structure [Fig. 1(a)] can be obtained from a part
of a cell of length a/2 by performing two operations: reflec-
tion relative to a plane parallel to the coordinate plane
(x, z) and passing through the point y = S/2 and trans-
lation along the x axis by a distance of a/2. A similar
type of symmetry can be found in microstrip meander-
line slow-wave structures (MMLSWS), which are widely
used in microwave and rf vacuum electronic power sources
[29,30]. In Refs. [31,32], the dispersion characteristics
of electromagnetic waves in MMLSWS, mode symme-
try, and forbidden bands have been analyzed by the Green
function method in the quasitransversal electromagnetic
wave approximation. In particular, it was shown that the
normal modes of MMLSWS are even and odd modes
with respect to the mirror plane of symmetry. Thus, in the
frequency region where k = (mπ/a), m = 1, 3, 5. . . the
band gaps are absent in contrast to one-dimensional pla-
nar magnonic crystal [49]. Band gaps are observed only
at k = (m2π/a), m = 1, 2, 3. . . Consequently, the period-
icity of the frequency oscillation is 4π /a and not 2π /a.
Similar considerations hold for the 15-8 meander-shaped
film.

At the frequency f3, the global minimum of the spatial
distribution (|�(x)|) is localized in the vertical segments,
while global maxima are localized in the horizontal seg-
ments [see Fig. 6(b)]. At frequency f4, the distribution
changes to the opposite. Notice that the modes at frequen-
cies f3 and f4 correspond to the bottom (fb1) and top (ft1)
frequencies of the BG1. A similar variation in the spatial
distribution in the vertical segments during the transition
from f3 to f4 is also observed at the edges of the BG2,3
zones. Figure 6(c) shows the spatial profiles of modes f5
and f6, which correspond to the bottom (fb1) and top (ft1)
frequency for BG2. Figures 6(d) and 6(e) show the real part
of the SW amplitude for modes f3-f4 and f5-f6, respectively.
At the frequency fb1= f3, the function �(x) is symmetric
with respect to x = 0 while at frequency ft1= f4, it is anti-
symmetric. Contrarily, for mode fb2= f5 the real part of the
function �(x) is antisymmetric with respect to x = 0 while
for ft2= f6 it is symmetric. These findings are in agreement
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with the results of micromagnetic calculations in
Fig. 4.

To obtain further insight into the magnonic band
structure and the SW transmission in the nanoscale
meander-shaped film, we analytically analyze the
dependence of the BG width (�fm) and the center frequen-
cies fcm for the different modes with numbers m = 1, 2, 3
on the width d2 of the magnetic vertical segment at fixed
values of d1= 23 nm and h = 50 nm. In the TMM, it is
assumed that the internal magnetic field in all segments
of the meander structure is uniform and the SW reflec-
tion coefficients � = (d1 − d2)/(d1 + d2) are determined
only by the ratios of the thicknesses and the width of the
horizontal and vertical segments, respectively.

The first observation that can be derived from Fig. 7(a)
is that the BGm width is not monotonic as a function of
d2 in the range between 1 and 40 nm. When d2>d1, there
is no significant difference between the BGm width for
the different modes. We find that when d2= d1= 23 nm
the SW reflection coefficient in the meander structure is
� = 0 and therefore SWs propagate without reflection at
the joints of segments, i.e., the forbidden zones for all
the modes disappear. This indicates that the SWs can be
transferred between different lavers of a 3D nanostruc-
ture without significant loses, enabling thus 3D routing for

SWs. For d2<d1, the propagation constant of the SWs,
k2, in the vertical segments increases, since for any fre-
quency ω, it follows from the dispersion equation [Eq.
(11) within the Supplemental Material [38]] that k2(ω) =
(d1/d2)k1(ω) (� > 0) and an almost linear increase in
the BG width is observed. The zone with the number
m = 1 has the largest �fm, which decreases for increas-
ing band-gap order m. Upon further reduction of d2, the
BG1 width increases, reaching a maximum at d2= 3.5 nm,
and then vanishing for d2 approaching zero. By contrast,
BG2 and BG3, show an oscillating behavior with min-
ima and maxima, whose positions depends on m. This
means that by choosing the width d2 of the vertical seg-
ments, one can selectively control the width and center
frequencies of the forbidden zones with different indices
m. From the dependency �fm(d2) [see Fig. 7(a)], we define
the corresponding zone center frequencies f j

cm(dj
2m), which

exhibit a monotonic increase up to about 7.5 nm fol-
lowed by an almost constant value for larger d2 width
[Fig. 7(b)].

We also calculate the dependence of the BGm width �fm
[Fig. 7(c)] and the center frequencies fcm of the forbidden
zones [Fig. 7(d)] with numbers m = 1,2,3 as a function of
the meander depth h in the range between 37 and 177 nm.
The results show that the dependence of the width �fm for

0.0
0.5
1.0
1.5

2.0
2.5
3.0
3.5

4.0
4.5
5.0

B
an

d-
ga

p 
w

id
th

 D
f m

 (
G

H
z)

d
2
(nm)

 m = 1
 m = 2
 m = 3

(a)

0 5 10 15 20 25 30 35 40 0 5 10 02 20 25 30 35 40
10

12

14

16

18

20

22

24
(b)

B
an

d-
ga

p 
ce

nt
er

 fr
eq

ue
nc

y 
f cm

 (
G

H
z)

d
2
(nm)

0.0

0.5

1.0

1.5

2.0
(c)

B
an

d-
ga

p 
w

id
th

 D
f m

 (
G

H
z)

h (nm)

40 60 80 100 120 140 160 40 60 80 100 120 140 160
12

14

16

18

20

22

24
(d)

B
an

d-
ga

p 
ce

nt
er

 fr
eq

ue
nc

y 
f cm

 (
G

H
z)

h (nm)

FIG. 7. (a) Dependence
of the BG width (�fm) and
(b) center frequencies fcm
on the width of the ver-
tical segment d2 of the
meander-shaped film with
d1= 23 nm. (c) BG width
(�fm) and (d) center fre-
quencies fcm as a function
of the meander depth h with
d1= 23 nm and d2= 12 nm.
Data are shown for the
three lowest frequencies
BGm (m = 1,2, and 3).

014061-8



MAGNONIC BAND STRUCTURE IN . . . PHYS. REV. APPLIED 15, 014061 (2021)

increasing meander depth h is nonmonotonous. In particu-
lar, at certain values of h, the BG dispersion characteristics
of SWs vanish for m = 2 and m = 3. On increasing h, the
central frequencies of the forbidden zones fcm decrease
monotonously. Similar considerations hold for the 15-8
sample (see Fig. S5 within the Supplemental Material [38])
even if the BG width vanishes at different d2 and h values
with respect to the 23-12 sample. Thus, by a careful choice
of the meander-height h, one can selectively control the
width and center frequencies of the forbidden zones with
different indices m, and thus tune the SW transmission in
such 3D nanostructures.

VI. SUMMARY

In summary, using wavevector-resolved Brillouin-light-
scattering spectroscopy, micromagnetic simulations, and
analytical models we analyze the propagation characteris-
tics of spin waves in vertical meander-shaped Co40Fe40B20
films formed by nanosegments at 90° with respect to each
other. We determine the dispersion relations and reveal the
periodic character of the different dispersive branches as
well as the frequency ranges where spin waves are allowed
or forbidden to propagate. Furthermore, the characteristics
of the magnonic band structure can be effectively con-
trolled by changing the geometric parameters of the ver-
tical nonsegments allowing the magnonic band structure
to be engineered.

Micromagnetic simulations and analytical calculations
have allowed us to understand and explain the formation
of the magnonic band gaps in terms of the mode spatial
localization and symmetry. We show that the spatial distri-
bution of the modes for frequencies at the lower edge of the
band gap have symmetric distribution with respect to the
unit cell of the meander structure, whereas for the upper
bound frequencies they have an asymmetric distribution.
This is in very good agreement with the electromagnetic
energy density distribution at the edges of the forbidden
zones in 1D photonic crystals, thus demonstrating the spin-
wave propagation in nanoscale magnetic structures. The
results show that the investigated structures behave as
three-dimensional spin-wave waveguides enabling thus the
vertical spin-wave transport. Such 3D nanostructures thus
form a key step towards multilevel magnonic architectures
for signal processing.
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