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A B S T R A C T

Efficacious control of spin wave dynamics is demonstrated in two-dimensional magnonic crystals in the form of
defective honeycomb antidot lattices. The spin wave dynamics of this system is investigated using broadband
ferromagnetic resonance spectrometer. A stark modification in magnonic spectra is achieved with the mod-
ulation in the lattice spacing and with the bias magnetic field strength and its orientation. A rich band of spin
wave modes are obtained for the lattice with smallest periodicity, which finally converges to two modes in case
of the largest one. The spin wave modes in all lattices possess a strong anisotropic behaviour with a six- and two-
fold rotational symmetries as a function of the bias field orientation originating from the strong modulation of
internal field distribution at different regions of such unorthodox system. The experimentally observed spin
wave modes have been qualitatively well reproduced by micromagnetic simulations and the simulated mode
profiles unravel the presence of diverse genres of extended and localized standing modes in these unusual
magnonic crystals. These observations are significant for tunability and anisotropic propagation of spin waves
leading towards the development of efficient magnonic devices competent with the future microwave com-
munication systems.

1. Introduction

Periodically milled out grooves or holes in a ferromagnetic (FM)
thin film, termed as antidot (AD) lattice (ADL) [1,2] is one genre of
magnonic crystals (MCs) [3], where conventional magnetic materials
are efficiently engineered by patterning in one- (1-) [4], two- (2-) [5] or
three- (3-) [6] dimensions at different length scales to tailor their static
and dynamic responses over a broad temporal or frequency regimes
offering improved functional properties [7]. These systems form the
foundation of several present and future technological aspects such as
magneto-electronics [8], magnon-spintronics [9], magneto-photonics
[10] and even spin-optoelectronics [11] because of the influence of
magnetic field on the electron spin as well as the light (photon) cou-
pling. These ADLs have been regarded as the potential aspirants for
ultrahigh density storage devices [12], where memory bits can be
trapped between the consecutive holes of the nanostructures. Due to the
lack of any superparamagnetic [13] bottleneck at the deep nanoscale
regime, they possess the most galvanic prospects in the field of mag-
nonics [14] in which spin waves (SWs) or magnons [15] are

manipulated to transfer and process information in microwave band. As
a result, they will play a pivotal role in developing reprogrammable
magnonic devices [16] for on-chip microwave communications e.g.
magnon waveguides [17], SW amplifiers [18], couplers [19], valves
[20], multiplexers [21], filters [22], phase shifters [20], interferometers
[23], SW-based logic devices [24,25], transistors [26] as well as SW-
mediated nano-optics [27]. In such periodically ordered ADLs, in-
homogeneous internal magnetic fields [28] possess a significant con-
tribution in tailoring the magnon band structure. Interestingly, mag-
netic ADLs are exchange-dipolar mediated systems as opposed to
magnetostatically coupled FM dot arrays [29] so that they exhibit
greater SW propagation speed [30] with larger SW propagation wave-
length. More recently, the FM ADLs having their ADs filled with a
contrasting FM material also have raised a great enthrallment as bi-
component MCs (BMCs) [31,32] for the additional tunability in the SW
bands because of the interplay between magnetic parameters of con-
stituent magnetic media. The present lithography and fabrication re-
cipes with advanced implementations have driven a tremendous ac-
celeration to the patterning of such delicate magnetic systems.

⁎ Corresponding author.
E-mail address: abarman@bose.res.in (A. Barman).

http://www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2019.165408
https://doi.org/10.1016/j.jmmm.2019.165408
mailto:abarman@bose.res.in
https://doi.org/10.1016/j.jmmm.2019.165408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2019.165408&domain=pdf


Interplaying with different geometrical parameters like shape [33], size
[34], lattices symmetry [35] or lattice periodicity [36] of the ADLs as
well as the constituent FM material [37] and also by tailoring strength
[38] and orientation [39] of the external magnetic field can greatly
influence their magnon dynamics growing an immense interest due to
their possible application potentials.

In the current years, a plethora of scientific investigations including
theoretical approaches e.g. plane-wave method (PWM) [40], micro-
magnetic simulation [41] as well as analytical methods [42] and ex-
perimental techniques such as electrical [43], optical [36] or thermal
[44] excitation methods has been delved into the gigahertz- (GHz-)
frequency SW dynamics of FM ADLs. Since the last decade, excitation of
non-uniform in-plane SW mode [41] as well as the pattern induced
splitting of surface and volume modes [45] in such ADLs have been
showcased which further revealed several exquisite research outcomes
e.g. the field-dependent confinement of SW mode [46,47], dispersive
nature of entangled SWs along with the damped anisotropic behaviour,
field-controlled propagation of SWs [46] and also the formation of
magnonic miniband [48] with large SW velocities. Recently, the con-
sequence of lattice defect [49] and broken translational symmetry [50]
have also gained great attention due to their idiomatic properties.
Consequently, an upsurge in the interest to exploit the rich underlying
physics in such unorthodox magnonic networks has been observed.
Here, we investigate the SW dynamics in two-dimensional (2D) arrays
of Ni80Fe20 (NiFe) ADs of circular shape arranged in defective honey-
comb basis using broadband ferromagnetic resonance (FMR) spectro-
scopy by manipulating the strength and orientation of in-plane bias
magnetic field. A drastic modulation in the SW spectra is attained with
the variation in the lattice periodicity. A strong anisotropic nature in
the magnonic modes is procured when the orientation of the bias field is
varied and this anisotropy is reduced with the decrease in the AD
density. Further, we explore this significant modulation in the magne-
tization dynamics unravelling the presence of numerous confined and
extended SW modes resulting from the modulation of internal field and
demagnetizing field profiles around the ADs with the aid of numerical
micromagnetic simulations.

2. Experimental details

Fig. 1(a) exhibits in the scanning electron micrographs (SEMs) of
25 µm×250 µm arrays of circular shaped NiFe ADs (with thickness of
20 nm) arranged in defective honeycomb lattice. As depicted in
Fig. 1(b), if the consecutive honeycomb units (blue cells) are shifted by
x= a/2 and y=(a√3)/2 with respect to the red honeycomb units,
where a is the centre-to-centre distance between nearest ADs, such
defective honeycomb lattice can be achieved as shown in Fig. 1(c).
Here, the lattices are attributed as H1–H5 according to ascending order
of a, i.e. a=300 (H1), 400 (H2), 500 (H3), 600 (H4) and 700 (H5) nm,
respectively, which are fabricated by employing electron beam eva-
poration (EBE), electron beam lithography (EBL) and ion milling tools
(The fabrication details are described in the supplementary material).
As evident from the geometrical pattern, such unique lattice is not a
familiar Bravais lattice. However, it belongs to a heretical class of tet-
ragonal lattice under the consideration of a supercell having three-atom
(three-AD in this case) basis as marked by the dotted lines connecting
red, blue and yellow symbols in H1 of Fig. 1(a). In such supercell, the
primitive lattice (tetragonal) vectors are defined as →a1 and →a2 as de-
picted by two white dotted arrows in H1 of Fig. 1(a) while, →

=a a| | 21

and →
=a a| | 32 (the schematic illustration of the supercell structure and

the corresponding lattice parameters for H1-H5 are tabulated in the Fig.
S2 and Table 1 of supplementary material). This heterodox lattice
structure finds similarity with the 2D stereographic projection of crystal
structure (extended rhombic dodecahedron [51]) of typical Heusler
alloy systems [52,53] or with the line defects in the form of grain
boundaries introduced in 2D graphene-based heterostructures [54]. The

diameter of each AD is d=140 nm (± 5%). A continuous NiFe film of
20 nm thickness has also been prepared as the reference sample using
the similar procedure. A 150 nm-thick co-planar waveguide (CPW)
made of Au is deposited on top of each AD array for the broadband FMR
measurement.

The SW spectra from the arrays have been measured by employing
broadband FMR spectrometer [32] associated with a vector network
analyzer and a home-built probe station with nonmagnetic ground-
signal-ground (G-S-G) type pico-probe. The probe station is comprised
of an in-built electromagnet mounted on a high-precision rotary stage
making the electromagnet capable of generating a magnetic field (Hext)
of± 1.8 kOe over an in-plane (azimuthal) rotation from 0° to 360°. This
is employed as an external bias magnetic field to the sample (the details
of the measurement procedure are given in the supplementary mate-
rial).

3. Results and discussions

3.1. Investigation of spin wave dynamics as a function of external magnetic
field strength

The SW spectra in terms of real parts of the forward scattering
parameter S11 for H1-H5, respectively are represented in Fig. 1(d) at
Hext = 800 Oe applied at an in-plane (azimuthal) angle, ϕ=0°, and the
corresponding SW absorption spectra as a function of Hext at ϕ=0°, are
described as SW intensity (surface) curves in Fig. 2(a–e). The spin dy-
namics get drastically modified when a is varied as we have observed a
transition from rich SW spectra due to the strong demagnetizing field
around the ADs for H1 to a nearly uniform mode for H5 as the con-
tribution of the demagnetizing field around the ADs is reduced. As
evident from Fig. 2(a–e), with the variation of Hext, total seven modes
are observed in H1 where the number of SWs is systematically reduced
to six in H2, three in both H3 and H4 and two in H5. Significantly, it is
observed that, the lower frequency resonant mode M1 in H1-H5 as well
as another higher frequency mode present in H1-H4, i.e. M4 in H1 and
H2 (wine symbols in Fig. 2(a and b)) and M2 in H3 and H4 (black
symbols in Fig. 2(c and d), respectively, shows a continuous variation
with Hext, while the gap between these two branches gradually di-
minishes with increment in a where the field dispersion of H5 is very
close to that of the continuous NiFe film (see Fig. S3 in supplementary
material). Subsequently, both these continuous SW modes are fitted
with simplified Kittel formula [55] for resonant SW frequency f, which
is given by Eq. (1):

= + + +f
γ
π

H H H H πM
2

( )( 4 )ext ani ext ani eff (1)

Here, γ is gyromagnetic ratio and Hani corresponds to the total aniso-
tropy field present in the sample, while Meff represents the effective
magnetization of the sample. First, the values of Hani = 0 and
γ=18.1MHz/Oe and Meff=850 emu/cm3 are extracted for the re-
ference NiFe thin film using the same equation (see Fig. S3 in supple-
mentary material). Interestingly, it is found that for lower frequency
mode M1, Meff enhances monotonically with the increase in a which is
demonstrated in Fig. 2(f) by the red symbol and this variation of Meff is
fitted as shown by a red dotted line using a simple power law given by
Eq. (2):

= − +M A a Ceff
2 (2)

This reflects that Meff varies as (−1/a2) while, C denotes the sa-
turation magnetization (Ms) value (≈860 emu/cm3) of NiFe thin film
(i.e. a→∞) which matches well with the Meff value (=850 emu/cm3)
obtained from our reference NiFe blanket film having the same thick-
ness of 20 nm. Here, the value of Hani = 0 is obtained during the fitting
of M1, which is in good agreement with that obtained from the re-
ference NiFe film. On the other hand, the Meff values (black symbols)
corresponding to the second continuous SW mode present in H1-H4
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also follow a similar trend as represented by the black dotted line in
Fig. 2(f). However, an additional anisotropy field, Hani is required for
fitting the second mode and its amplitude decreases systematically with
the increase in a. Fig. 2(f) reveals that, this modulation of Hani (blue
symbols) can be fitted (blue dotted line) using another power law
provided by Eq. (3):

= − +H B a Dani (3)

Here, D represents the Hani value (≈ 0) of NiFe thin film (i.e. a→∞)

which agrees very well with that obtained from our reference 20 nm-
thick NiFe continuous film. Hence, the enhancement inMeff for both SW
modes indicates the reduction in the fraction of demagnetizing field
contribution with the increase in a, eventually leading towards the
behaviour of a continuous thin film.

Interestingly, a splitting is observed in H1 between the frequency
branches M2 and M4 at Hext≈ 1050 Oe as well as between M5 and M6
at Hext≈ 850 Oe. However, at lower bias field, Hext≈ 450 Oe, M1 and
M2 merge together while another splitting occurs between M3 and M4

Fig. 1. (a) Scanning electron micrographs (SEMs) of circular Ni80Fe20 (NiFe) antidots (ADs) of AD diameter (d) 140 nm, fabricated in defective honeycomb lattice
with nearest AD distance, a=300 (H1), 400 (H2), 500 (H3), 600 (H4) and 700 (H5) nm, respectively. (b) Schematic illustration of a usual honeycomb lattice. (c)
Schematic of the defective honeycomb lattice obtained by shifting consecutive honeycomb cells (blue cells in Fig. 1(b)) by x= a/2 and y=(a√3)/2 with respect to
the red honeycomb cells and the positions of the shifted cells are denoted by blue dotted honeycomb cells. (d) Normalized real parts of the forward scattering
parameter (S11) denoting the SW spectra for H1-H5 at bias magnetic field, Hext = 800 Oe, applied at an azimuthal angle, ϕ=0°. The observed SW frequencies are
marked by down arrows. (e) Simulated SW spectra of H1-H5 at Hext = 800 Oe, applied at ϕ=0°. The arrows denote various SW modes. The schematic of the
orientation of the bias magnetic field, Hext is given at the top left side. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Bias field (Hext) dependent SW absorption spectra of (a) H1, (b) H2, (c) H3, (d) H4 and (e) H5, respectively are shown at ϕ=0°. The surface plots represent
experimental results and symbols denote simulated results. The red dotted lines describe Kittel fit to the lower frequency SW mode M1 of H1-H5 while wine and black
dotted lines denote Kittel fit to the higher frequency SW mode present in H1-H4, i.e. M4 in H1 and H2 (wine) and M2 in H3 and H4 (black), respectively. (f) The
variation of effective magnetizations (Meff) with the periodicity a for the two continuous SW modes (red symbols: values of Meff extracted from the Kittel fit of lower
frequency SW mode; red dotted line: fitted curve; black symbols: values of Meff extracted from the Kittel fit of higher frequency SW mode; black dotted line: fitted
curve). The variation of anisotropy field (Hani: extracted from the Kittel fit of higher frequency continuous SW mode present in H1-H4) with periodicity a (blue
symbols: values of Hani; blue dotted line: fitted curve). The color map associated with the surface plots and schematic of Hext are shown at the right side. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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at Hext≈ 530 Oe. Similar mode splitting is observed in H2 between M1
and M3 at Hext≈ 900 Oe, and M3 again split into two frequency
branches (M2 and M3) at Hext≈ 500 Oe. All the SW modes in H3 and
H4 are continuous although splitting between M1 and M2 is obtained at
Hext≈ 830 Oe in H5. However, a very low-intensity SW mode, which is
marked as M*, is observed in both H1 and H2 at lower values of Hext

(≤450 Oe).

3.2. Interpretation of spin wave modes using micromagnetic simulation

The behaviour of the SW modes has been explored by performing
micromagnetic simulations employing OOMMF [56]. Here, an array of
2× 2 honeycomb cells for each sample has been considered in-
corporating the 2D periodic boundary condition (PBC) to consider the
large areas of the experimentally investigated samples. Each simulated
sample has been divided into rectangular parallelepiped cells having
dimensions 4×4×20 nm3. The exchange stiffness constant value of
NiFe considered during the simulation is ANiFe= 1.3×10−6 erg/cm
[57]. The gyromagnetic ratio, γ=18.1MHz/Oe, anisotropy field,
Hani = 0 and saturation magnetization, MNiFe= 850 emu/cm3 for NiFe
have been extracted from the Kittel fit of the bias field dispersion curve
of NiFe film (see Fig. S3 in supplementary material). The micro-
magnetic simulation details are explained elsewhere [58] (also see
supplementary material).

Fig. 1(e) reveals that the experimental results have been qualita-
tively well reproduced by the micromagnetic simulations which are
plotted at Hext = 800 Oe, as well as in field dispersion spectra of H1-H5
in Fig. 2(a–e) as represented by filled symbols. However, the slight
quantitative disagreements between experimental and simulated out-
comes may arise due to the deviation of the experimental samples and
conditions from the simulated ones. The general deviation in the phy-
sical dimensions as obtained in the experimental samples has been in-
cluded already in the simulations. However, it is not possible to include
the precise edge deformations in the finite difference method-based
micromagnetic simulations.

To extrapolate the understanding behind the nature of various SW
modes, the spatial power and phase profiles of those SW modes have
been mapped out using a homebuilt code [59]. Fig. 3(a) demonstrates
the phase profiles of the SW modes for H1–H5 at Hext = 800 Oe, while
Fig. 3(b) shows the nature of the SW modes present in H1 (M* and M3)
and H2 (M* and M2), respectively, at Hext = 400 Oe. Different genres of
extended and localized SW modes are obtained because of confining
potentials originating from demagnetizing fields surrounding the ADs
and different quantization numbers are assigned for the localized SW
modes depending upon the number of antinodes. Also, according to the
location of the SW quantization, two different quantization numbers are
assigned. Here, m represents quantization of SWs inside the honeycomb
cell in the x-direction as denoted by the black dotted box in M1 of H1 in
Fig. 3(a), while n denotes SW quantization inside the rhombic region
surrounded by four such honeycomb cells in x-direction and this is
defined by the blue dotted box in M1 of H1 in Fig. 3(a).

The phase distributions (corresponding power profiles are described
in Fig. S4 of supplementary material) of SW modes in H1–H5 demon-
strated in Fig. 3(a and b) unveil that, the lower frequency SW mode M1,
represents an extended nature along y-direction (i.e. perpendicular to
direction of Hext) along the channel through the honeycomb cells al-
though possessing a localized behaviour along x-direction with m=3,
3, 5, 5 and 7, while n=1, 1, 3, 3, and 3 for H1, H2, H3, H4 and H5,
respectively. However, the SW modes M2 and M4 in H1, M3 in H2 and
M2 in H3 also extend along y-direction but M2 in H4 and H5 become
confined inside the honeycomb cell. In case of H1 from Fig. 3(a), the SW
modes M2, M4, M5 and M6 possess localized nature with m=3, 5, 7
and 7, while n=1 for all four modes (M2, M4-M6), respectively, where
M5 and M6 are in opposite phase with each other. The localized SW
modes M3-M5 in H2 have the quantization numbers, m=5, 5 and 7
where n=1, 3 and 3, respectively. However, some additional SW

modes are observed at low Hext = 400 Oe in H1 (M* and M3) and H2
(M* and M2), respectively as shown in Fig. 3(b). For both H1 and H2,
M* is the edge mode where the power (see Fig. S4 in supplementary
material) of M* is localized at the edges of the ADs. On the other hand,
M3 of H1 represents localized nature with m=3 and n=1, whereas
M2 for H2 extends along y-direction although it shows a confined be-
haviour with m=5 and n=1 along the x-direction. In H3, the SW
modes M2 and M3 have m=7 and 11, while n=3 and 5, respectively.
Similarly, for M2 and M3 in H4, the quantization numbers are m=9
and 17 and n=5 and 7, respectively while for H5, M2 has the values of
m=11 and n=5.

3.3. Investigation of internal field distribution

The magnetostatic field distributions of these lattices are calculated
with the aid of LLG Micromagnetic simulator [60] to interpret the large
modulation of SW dynamics with the varying a in such novel honey-
comb ADLs, which are described as the contour plots in Fig. 4(a and b)
for H1 and H5, respectively (the magnetostatic field distributions in
H2–H4 are shown in Fig. S5 of supplementary material). It is evident
from Fig. 4(a and b) that the demagnetizing field strength surrounding
the ADs is significantly decreased with the increment in a where the
demagnetizing fields in H5 become very narrow and confined around
the ADs only. To unravel the strength of the total internal field (Bin), we
have calculated the Bin values for H1-H5 by taking spatial line scans
especially as two different regions, i.e. inside honeycomb cell (Region
1) and the rhombic region (Region 2) surrounded by four honeycomb
cells as denoted by black and green dotted boxes in Fig. 4(a) for H1. As
depicted in Fig. 4(b), Bin gets strongly modified with the variation of a,
where a similar trend in the modulation of Bin with a is observed in both
regions 1 and 2. Here, Bin enhances significantly with the increment in a
because of systematic reduction in the overlapping of demagnetizing
regions surrounding the ADs. Interestingly, this variation of Bin is well
fitted using Eq. (2), where, C≈ 10.82 kOe, i.e. the Bin value for a
20 nm-thick continuous (i.e. a→∞) NiFe thin film as shown by blue
dotted line in Fig. 4(c). To verify this behaviour, we have further cal-
culated Bin values for additional simulated samples with a=200, 250
and 800 nm, respectively where, the extracted Bin values from them
also follow the same fitting Eq. (2) (see Fig. S5 in supplementary ma-
terial). This confirms that the modulation of effective magnetization,
Meff is in commensuration with the internal field, Bin which is strongly
dominated by the demagnetizing field contribution present in these
ADLs.

3.4. Variation of spin wave frequencies with the orientation of bias magnetic
field

The SW spectra of H1-H5 are investigated by varying the in-plane
orientation, (ϕ) of Hext at a fixed strength to delve into the configura-
tional anisotropy present in these ADLs. Fig. 5 describes surface plots of
the angular dispersion of SW frequencies in H1-H5 at Hext = 800 Oe
where solid lines denote theoretical fits utilizing harmonic functions
with different rotational symmetries. This nature, as well as the con-
tribution of the anisotropy of all the SW modes, get modified drastically
as a is increased. In case of H1, all the SW modes show stark modulation
with ϕ, e.g. both M1 and M4 possess a superposition of a strong six- and
weak two-fold anisotropy although their variation is in opposite phase
to each other, while M2 shows a strong two-fold anisotropy. The higher
frequency modes, i.e. M5 and M6 describe six-fold rotational symmetry
with a different amplitude of anisotropic contribution as well as with a
phase lag of π to each other. M1 in H2 also shows six-fold rotational
symmetry superposed with a weak two-fold symmetry, although M3
reveals a strong two-fold anisotropic nature while M4 possesses a six-
fold anisotropy. However, a combination of two-fold and six-fold ani-
sotropy is found for M1 and M2 in both H3 and H4 while, M3 shows a
six-fold anisotropy. In H5, M1 reveals anisotropic nature with
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superposition of two-fold and six-fold rotational symmetry although M2
shows a six-fold anisotropy. However, the contributions of both two-
and six-fold anisotropy reduce systematically from H1 to H5.

The evolution of phase profiles (corresponding power distribution
are described in Fig. S6 of supplementary material) of SWs with ϕ in
Fig. 6(a) reveals that mode M1 in H1 undergoes a drastic transforma-
tion as it converts into a localized mode from its extended nature as ϕ is
increased from 0° to 30°. On the other hand, M2 and M4 possess ex-
tended behaviour till ϕ=30° after which they become confined with
further rotation of Hext. However, M5 and M6 remain almost invariant
with the variation of ϕ i.e. confined inside the honeycomb cell while
their symmetry axes revolving continuously according to the variation
of ϕ. The behaviours of the anisotropic SW modes present in H5, i.e. M1
and M2 are found to be almost invariant with the rotation of Hext as
evident from Fig. 6(b). The anisotropic modes (corresponding power
and phase maps are demonstrated in Fig. S7 of supplementary material)
present in the intermediate ADLs, i.e. H2, H3 and H4 also experience a
significant conversion from extended to localized modes. This

behaviour is periodically repeated which is commensurate with the
obtained six-fold rotational anisotropy in the SW frequencies. However,
the nature of the highest frequency anisotropic modes, i.e. M4 in H2
and M3 in both H3 and H4 remain almost unaffected (i.e. localized
modes) with the variation of ϕ. One of the reasons behind the obtained
two-fold rotational anisotropy can be interpreted by considering the
boundary effect originating from the sample boundary of rectangular
shape which has been confirmed by measuring angular dispersion curve
of NiFe thin film measured at Hext = 800 Oe (see Fig. S8 in supple-
mentary material). However, for detailed understanding about the
origin of the observed six- and two-fold rotational anisotropy, the
modulation of Bin is calculated at various ϕ for both H1 and H5 inside
the honeycomb cell as well as within the rhombic region (Regions 1 and
2: marked by the black and blue dotted boxes in M1 of H5 at ϕ=30° in
Fig. 6(b)), similarly as considered in Fig. 4(a). The internal field profile
is significantly modulated at those two different regions (1 and 2) inside
the lattice as depicted in Fig. 6(c). The modulation of Bin with ϕ unveils
the presence of a six-fold anisotropy inside the honeycomb cell (Region

Fig. 3. (a) Simulated spatial phase maps for different resonant SW modes observed in H1–H5 at Hext = 800Oe for ϕ=0°. (b) Simulated phase profiles of additional
SW modes observed at smaller bias field, Hext = 400Oe in H1 and H2, respectively. The color map of phase profile and the schematic of Hext are given at the right
side. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1), while a two-fold anisotropy is found in the rhombic area (Region 2).
Interestingly, both the six- and two-fold anisotropy contributions in Bin

reduce drastically for H5 as evident from Fig. 6(c). Here, this prominent
modification in Bin arises from the magnetic environment in different
regions of these unique ADLs. Further, its systematic modulation with
the orientation of the bias magnetic field is manifested as the config-
urational anisotropy present in the systems.

4. Conclusion

In summary, we have investigated the evolution of SW dynamics of
NiFe circular ADs fabricated in a heterodox defective honeycomb lattice
with varying periodicity by manipulating the bias magnetic field

strength and its azimuthal orientation by broadband FMR method. The
field dispersion curves of these samples unravel drastic modulation in
the magnon modes as the periodicity is varied. Rich multimodal SW
spectra are observed for the most densely packed ADL, whereas the
number of SW modes reduces systematically with the decreasing peri-
odicity approaching towards a nearly thin film-like behaviour due to
the reduction of the contribution of the demagnetizing field around the
ADs. The experimental observations have been reproduced by micro-
magnetic simulation while the spatial distribution of the SW fre-
quencies have been numerically calculated to get an insight about the
spatial nature of the dynamics. The power and phase maps have un-
veiled different genres of extended and localized standing SW modes.
To understand the origin of the observed SW modes, internal fields
including the demagnetization field contributions have been calculated.
Interestingly, the modulation of the internal field follows a monotonic
power-law relation with the lattice periodicity which is similar to the
effective magnetization. This corroborates that the modification of ef-
fective magnetization is in commensuration with the internal field
which is strongly controlled by the demagnetizing field contribution
present in these ADLs. The modulation of SW spectra with in-plane
orientation for all samples unveils the presence of anisotropic SW
modes with six- or two-fold or a superposition of both rotational sym-
metries. The internal field profile inside the honeycomb cells is pri-
marily responsible for the origin of the six-fold anisotropy whereas that
within the rhombic region surrounded by four honeycomb cells gives
rise to the two-fold anisotropy. The amplitudes of both six-and two-fold
rotational anisotropies reduce monotonically with the enhancement in
the periodicity. With the modulation of in-plane orientation, the phase
profiles of the samples unravel a significant transformation from ex-
tended behaviour to quantized standing wave pattern or vice-versa for
most of these anisotropic SW modes. Hence, the tuning the lattice
parameter as well as the magnetic field demonstrates active methods
essentially giving rise to a modification in periodically varying SW
channel properties which subsequently may determine its SW frequency
dispersion. Therefore, the observed tunability of the magnetization
dynamics in such novel MCs with varying periodicity and also the in-
plane bias field strength and orientation can play a key role from a
fundamental scientific viewpoint as along with their possible applica-
tions in magnonic crystal-based technology.

Fig. 4. Simulated magnetostatic field distributions in (a) H1 and (b) H5 are
shown at Hext = 800 Oe for ϕ=0°, while the corresponding color map is given
at the right side. (c) Modulation of internal field (Bin) values with the peri-
odicity a, from two different regions 1 and 2 (as shown by black and green
dotted boxes in H1 of Fig. 4(a)) from the line scan along those two different
regions (black and red symbols: values of Bin extracted from regions 1 and 2,
respectively from H1-H5; black and red solid lines: fitted curves). The blue
dotted line represents the Bin value of a continuous NiFe thin film. The sche-
matic of Hext is given at the right side. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Variation of SW frequency as a function of the azimuthal angle (ϕ) varying from 0° to 360° for H1–H5 at fixed Hext = 800 Oe. The surface plots denote the
experimental data and the solid lines represent the sinusoidal fits to the observed anisotropic SW modes in all samples (H1–H5). The color map for the surface plots
and the schematic of Hext are shown on the right side. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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