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A B S T R A C T

Efficient tunability of magnetization dynamics in two-dimensional circular and triangular-shaped Ni80Fe20 an-
tidots arranged in hexagonal lattice is demonstrated using a combination of all-electrical and all-optical de-
tection techniques. A broad band of modes is observed for both the lattices. A strong variation in the spin-wave
spectra is obtained with the strength and orientation of the bias magnetic field. A crossover between two higher
frequency branches is observed with the variation of bias magnetic field strength in circular antidot lattice,
whereas no such crossover is observed in the triangular antidot lattice. In addition, the spin-wave modes in both
lattices show strong six-fold anisotropic behaviour presumably due to the variation of internal field distribution
originating from a combination of the lattice arrangement and the shape of the antidots as a function of the bias
magnetic field orientation. Micromagnetic simulations qualitatively reproduce the experimentally observed spin-
wave modes and the simulated mode profiles reveal the presence of extended and quantized standing spin-wave
modes in these lattices. Also, some lower frequency localized edge modes, obtained in the triangular antidot
lattice due to the asymmetric demagnetized regions at sharp corners, are not observed in the circular antidot
lattice. These observations are significant for large tunability and anisotropic propagation of spin waves in GHz
frequency magnetic devices.

1. Introduction

Periodically patterned arrays of nanoscale magnetic elements,
which can be used as magnonic crystals (MCs) have attracted enormous
interest of scientific community for technological applications as well as
from fundamental viewpoint due to their unique properties [1–3]. Such
arrays also have applications in the design of magnetic storage [4],
memory [5], sensors [6], nanograting coupler [7], multiplexer [8] and
switching operations [9] in the GHz-frequency regime. Similar to
photonic [10] or phononic [11] crystals which are the building blocks
of optoelectronics or acoustics, MCs are considered as the key compo-
nents in magnonics [12]. It mainly deals with spin-wave (SW) based
low power signal transmission and data processing and offers better
prospects for the miniaturization of microwave devices, as the wave-
length of SWs is several orders of magnitude shorter than that of elec-
tromagnetic waves in photonic crystals.

The introduction of periodic antidots (holes) into a continuous

ferromagnetic thin film, known as antidot lattices (ADLs), is a very
effective way to tailor their magnetic properties. They have emerged as
one of the strongest candidates for reconfigurable magnonic devices
due to higher velocity and longer wavelength for the SW propagation.
In ADLs, the memory bits could be trapped between consecutive holes
along the intrinsic hard axis of the antidot nanostructure, and hence
they have great prospects for ultrahigh density data storage devices.
The effective pinning centres created by the demagnetized regions at
the edges of the antidots are mainly responsible for the manipulation of
the SW dynamics.

Hitherto, extensive research has been focussed to engineer the
coercive field, magnetoresistance and anisotropy properties on domain
formation and the magnetization reversal mechanisms of ADLs with the
change of shape, size and density of antidots [13,14]. The dynamics of
SWs in ferromagnetic ADLs of different shape [15], size [16], lattice
arrangement [17] and bias magnetic field have been studied using
various methods with different theoretical techniques such as plane
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wave method (PWM) [18] and micromagnetic simulations [19], and
experimental techniques such as ferromagnetic resonance (FMR) [17],
Brillouin light scattering (BLS) [20] and time-resolved magneto-optical
Kerr effect (TRMOKE) microscopy [21]. The field-controlled confine-
ment, localization, propagation and entanglement of SWs [22,23,24]
and the formation of magnonic minibands [25] determined by the
periodicity of the demagnetizing field around the holes have been re-
ported. In some cases, the holes can also be filled with another ferro-
magnetic material (bi-component MC) [26], where strong inter-element
dipolar and exchange interactions give more control parameters over
the magnonic properties. Hexagonally arranged ADLs offer the highest
packing density among all lattices, exhibit six-fold configurational an-
isotropy and do not obey the nearest-neighbour rule [27,28].

Previously the SW mode conversion from extended to quantized
ones and vice-versa in a hexagonally patterned ADL with triangular
holes has been reported [29]. Effects of antidot shape on the SW spectra
of ADLs with square lattice symmetry have also been reported [15].
Unlike to circular, the triangular shaped antidots suffer from shape
asymmetry due to their corners. Hence, the nonuniform magnetic field
distributions (demagnetized regions) around the edges of the antidots
are symmetric for the circular antidots, while it becomes significantly
asymmetric for the triangular shaped antidots, leading towards a var-
iation in their SW dynamics.

Here, we report a comparative study of the SW mode conversion in
ADLs with two different AD (hole) shapes arranged in a hexagonal
symmetry by rotating the in-plane orientation of the bias magnetic
field. The demagnetizing field profiles surrounding the antidots play
major role in this SW mode conversion. These findings show that these
types of MCs may serve as basic building blocks for ultra-high-density
storage [4], memory [5], logic and communication devices [30,31]
operating in GHz frequency regime.

2. Experimental and simulation details

2.1. Sample fabrication

Triangular and circular shaped Ni80Fe20 (Permalloy, noted as Py
hereafter) antidots arranged in two-dimensional hexagonal lattice
symmetry have been fabricated by using a combination of e-beam li-
thography (EBL), e-beam evaporation (EBE) and ion milling [17] for
optical (array dimension: 25×25 μm2) and electrical (array dimen-
sion: 25×250 μm2) measurements. A 20-nm-thick Py film was de-
posited on commercially available self-oxidized silicon (Si) [1 0 0]
substrate using EBE in an ultra-high vacuum chamber at a base pressure
of 2× 10−8 Torr followed by depositing a 60-nm-thick protective layer
of Al2O3. Bilayer (PMMA/MMA) resist was used for EBL to prepare the
resist pattern on the Py thin film. Finally, argon ion milling at a base
pressure of 1×10−4 Torr with a beam current of 60mA for 6min was
performed to etch out the Py film from everywhere except the un-
exposed resist pattern for creating the antidots. On top of the circular
shaped ADL, a co-planer waveguide (CPW) made of Au with a thickness
of 150 nm was deposited at a base pressure of 6×10−7 Torr for the
broadband ferromagnetic resonance (FMR) measurement. The scanning
electron micrographs (SEMs) of the triangular and circular shaped ADLs
are depicted in Fig. 1(a) and (b), respectively. The side (diameter), d of
triangular (circular) antidot is 240 nm (±5%) while the lattice con-
stant (a) is 500 nm (± 2%).

2.2. Time-Resolved Magneto-Optical Kerr Effect (TRMOKE)

The ultrafast magnetization dynamics of the triangular shaped ADL
was measured by a custom-built time-resolved magneto-optical Kerr
effect (TRMOKE) microscope in the time domain as shown in the
schematic in Fig. 1(c). This is based upon a two-colour collinear optical
pump–probe setup [32]. The second harmonic (λ=400 nm, flu-
ence= 20mJ/cm2, pulse width ∼100 fs, spot size ∼1 μm) of the

fundamental laser beam from a mode locked Ti-sapphire laser (Tsu-
nami, Spectra physics) was used to pump the sample by creating a
population of hot electrons above Fermi level, which modifies the spin
population significantly. The time delayed fundamental laser beam
(λ=800 nm, fluence=5mJ/cm2, pulse width ∼80 fs, spot size
∼800 nm) was used to probe the polar Kerr rotation from the sample. A
single microscope objective (N.A.= 0.65) was used to focus both the
pump and probe beams on the sample surface. An external magnetic
field was applied at a small angle (∼10°) to the out-of-plane direction
of the sample. Its in-plane component was taken as the bias field (H).
The measurement geometry is shown in Fig. 1(c). The time varying Kerr
rotation for different angular orientations of the in-plane bias magnetic
field (φ) in the range 0°≤φ≤ 90° was measured at room temperature.
The back-reflected laser beams were collected by the same microscope
objective and the probe beam was steered to an optical bridge detector
(OBD) by a set of mirrors. The OBD measured the reflectivity and Kerr
rotation signals separately ensuring no breakthrough of one into an-
other. Two lock-in amplifiers were used to measure the signals from the
OBD to detect the time varying Kerr rotation and reflectivity signals in a
phase sensitive manner. The sample was scanned by a piezoelectric x-y-
z stage to position the pump and probe beams at the desired location of
the antidot array.

2.3. Broadband Ferromagnetic Resonance (FMR)

The SW spectra from the circular antidot arrays was measured by
using a broadband ferromagnetic resonance (FMR) spectrometer as
demonstrated schematically in Fig. 1(d). This is based upon a vector
network analyzer (VNA, Agilent PNA-L, Model No.: N5230C, frequency
range: 10MHz to 50 GHz) and a home-built high-frequency probe sta-
tion with nonmagnetic G-S-G type pico-probe (GGB Industries, Model
No. 40A-GSG-150-EDP) [33]. The system has an inbuilt electromagnet
inside the probe station generating a variable magnetic field (H) of up
to± 1.8 kOe which was used as an external bias magnetic field parallel
to the CPW. The sample was viewed with the help of a microscope and
illumination set-up. Radiofrequency (RF) current with varying fre-
quency was launched into the CPW structure using the G-S-G probe
through a high frequency and low noise coaxial cable (Model No.:
N1501A-203) and a RF magnetic field (Hrf) is generated. The CPW was
shorted at one end and the back-reflected signal was collected by the
same probe to the VNA via the same coaxial cable. Absorption of the
ongoing and returning signals at various SW frequencies produced the
characteristic SW spectrum of the sample. The real and imaginary parts
of the scattering parameter in reflection geometry (S11) measured at
various magnetic fields were subtracted from its value at maximum bias
magnetic field which was used as the reference spectrum and the SW
spectra were obtained. The magnet is placed on a high-precision rotary
stage which can be rotated over 360° in order to obtain the in-plane
variation of the magnetic field (azimuthal angle, φ), while keeping the
field strength constant.

2.4. Micromagnetic simulations

Micromagnetic simulations were performed to understand the
origin of the SW modes using the finite difference method-based Object
Oriented Micromagnetic Framework (OOMMF) software [34] con-
sidering arrays of 7×7 antidots that can cover large areas of the ex-
perimentally studied arrays and take care of the long range magneto-
static interaction effects. Both the arrays were divided into rectangular
prisms of dimensions 4× 4×20 nm3. The lateral cell size was taken
below the exchange length of Py (≈5.2 nm) to include the exchange
interaction effect. A uniform excitation (peak magnitude of 30 Oe, 10 ps
rise/fall time and 20 ps pulse duration) was applied over the whole
array and the time-resolved magnetization data averaged over the
whole array was recorded. For the triangular holes, the shapes with the
actual edge roughness was derived from SEM images and the material
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parameters used were gyromagnetic ratio γ=17.6MHz.Oe−1, aniso-
tropy field Hk= 0, saturation magnetization Ms= 860 emu.cm−3, and
exchange stiffness constant A=1.3× 10−6 erg.cm−1. The magnetic
parameters were extracted from the bias field dependent precession
frequency of a Py thin film, whereas the value of A was taken from the
literature [35]. The damping coefficient used during the dynamic si-
mulations was α=0.008. The dynamic simulations were done by first
obtaining a static magnetic configuration under the experimentally
used bias magnetic field followed by the application of a pulsed mag-
netic field. Further details of the simulations are described elsewhere
[36].

3. Results and discussion

The background subtracted experimental time-resolved Kerr rota-
tion data for 0°≤φ≤ 75° at an interval of 15° taken at H=1.0 kOe for
the ADL with triangular holes are shown in Fig. 2(a). The multimodal
fast Fourier transformed (FFT) spectra corresponding to the damped
nonuniform Kerr oscillations of the same ADL are shown in Fig. 2(b).
For φ=0° and 60° mainly two peaks (the ‘*’ marked mode at 0° is not
observed in the simulation), for φ=30° and 90° three peaks and for
φ=15°, 45° and 75° four peaks are observed in the experimental FFT
spectra. Fig. 3(a) shows the bias magnetic field dependence of the SW

Fig. 1. Scanning electron micrographs of (a) trian-
gular and (b) circular-shaped Ni80Fe20 antidots ar-
ranged in hexagonal symmetry. (c) Schematic of all-
optical measurement using time-resolved magneto-
optical Kerr effect (TRMOKE) microscope. (d)
Schematic of all-electrical measurement using
broadband ferromagnetic resonance (FMR) method.

Fig. 2. (a) Experimental time-resolved Kerr rotation data for some specific orientations of the bias magnetic field for the triangular ADL at H=1.0 kOe. The values of
the in-plane angles (φ) are written in the corresponding fig. (b) The corresponding FFT power spectra showing the SW modes. Mode numbers are shown in the
corresponding fig. (c) Real parts of the forward scattering parameter (S11) representing the FMR spectra at bias magnetic field H=0.8 kOe applied at various
azimuthal angles (φ) and the observed SW modes were marked by down arrows. The values of φ are written in the corresponding graphs.
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frequencies extracted from the experimental and simulated FFT spectra
of the triangular ADL taken at φ=90°. The experimental data points
corresponding to mode 2 are well fitted with the Kittel formula (Eq. (1))
giving effective magnetization (Meff) of 702 ± 17 emu.cm−3 con-
sidering the magneto-crystalline anisotropy (Hk) of Py to be Hk≈ 0.

= + + +f
γ
π

H H H H πM
2

( )( 4 )k k eff (1)

The other two modes also show significant dispersion with bias
magnetic field but do not fit with Eq. (1).

Fig. 3(b) shows the variation of mode 2 with φ (symbols) extracted
from the experimental and simulated results. The frequency of the

mode 2 first decreases as φ increases from 0°, attains a minimum value
at φ=30° and it again increases and attains a maximum φ=60°.
Theoretical fitting of the variation of this mode frequency with φ (solid
line) shows six-fold anisotropy.

Interestingly, the FMR spectra obtained at various in-plane or-
ientation (0°≤φ≤ 75° at an interval of 15°) of a fixed magnetic field
H=0.8 kOe showed the presence of three SW frequencies for
0°≤φ≤ 60° while it reduces to two modes for φ > 60° as represented
in Fig. 2(c). In order to understand this behavior, the bias magnetic field
strength was varied from 0 to 1.56 kOe for φ= 0° which is depicted as a
surface plot of SW intensity distribution over this whole bias field re-
gime in Fig. 3(c). The bias field dispersion revealed the presence of

Fig. 3. (a) Bias magnetic field dependence of precessional frequencies of different SW modes for the triangular ADL at φ=90°. The solid line represents the Kittel fit
to mode 2. (b) Variation of SW frequency of mode 2 of the triangular ADL with the in-plane angle of the bias field varying from 0° to 90° at a fixed H=1.0 kOe
showing six-fold anisotropy. (c) Bias field (H) dependent SW absorption spectra of circular ADL are shown at in-plane angle φ=0°. The surface plot corresponds to
the experimental results, while the symbols represent the simulated data. The black dotted line shows the Kittel fit to the SW mode M2. The red dotted box represents
the crossover between two higher frequency branches, i.e. M6 and M7. (d) Real part of the forward scattering parameter (S11) representing the FMR spectra at bias
magnetic field, H=0.2, 0.3 and 0.4 kOe respectively, applied at azimuthal angle φ=0° confirming the crossover between the SWmodes M6 and M7. (e) Variation of
SW frequency with the azimuthal angle varying from 0° to 360° for circular ADL at a fixed H=0.8 kOe. The surface plots represent the experimental results while the
dotted lines describe the sinusoidal fits to the observed anisotropic SW modes M1, M2 and M5, respectively. The color map associated with the surface plots and the
schematic of the orientation of H are shown on the right side of the figure. (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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several SW modes observed at different magnetic field strength. As
evident from Fig. 3(c) that there are total seven SW modes (named as
M1-M7) which appeared and disappeared as the bias field strength is
varied. Significantly, a mode crossover between the two higher SW
frequency branches (M6 and M7) was observed at H≈ 0.3 kOe as
shown by red dotted box in Fig. 3(c) [37–39]. To consolidate our claim

of the observed crossover, we present SW spectra at three different
magnetic field values, 0.2, 0.3 and 0.4 kOe in Fig. 3(d). The magnetic
field values are carefully chosen to be just below, at and just above the
crossover field. Here, one can clearly observe that below the crossover
field (H=0.2 kOe) only M6 appears, while above the crossover field
(H=0.4 kOe), only M7 appears. At the crossover field (H=0.3 kOe)

Fig. 4. (a) Power and (b) phase profiles of the SW modes for triangular ADL at H=1 kOe. (c) Power and (d) phase profiles of anisotropic SW frequencies of circular
ADL at H=0.8 kOe. The schematic of field and colour bars used are shown inside the fig.
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both M6 and M7 coexist. This observation confirms our claim on the
observed crossover. The black dotted line in Fig. 3(c) describes Kittel fit
to M2 using Eq. (1) and the extracted effective magnetization for the
circular ADL is found to be ∼770 emu.cm−3. On the other hand, the
angular dispersion of SW frequencies in Fig. 3(e) reveals the anisotropic
behaviour of the SW modes as a function of φ which clearly showed
that the SW modes M1 and M5 possess anisotropic nature with six-fold
rotational symmetry with opposite phase to each other while M2 shows
a two-fold anisotropic behaviour. The origin of the observed two-fold
rotational anisotropy can be explained by considering the boundary
effect coming from the rectangular shape of the boundary of the sam-
ples measured in broadband FMR experiment [16,40].

3.1. Micromagnetic analysis of the collective magnetization dynamics

The spatial profiles of the resonant modes have been simulated
using a home built code [41]. Different types of SW modes are observed
for the two ADLs. These include modes localized inside the potential
wells of the demagnetized regions, namely the edge mode (EM), uni-
form mode flowing through the channels between the antidots, namely
the extended mode and modes forming standing wave patterns with
varying nodal planes (quantized modes). As observed from Fig. 4(a, b)
for the triangular ADL, at φ=0°, due to unavailability of continuous
channels along the vertical direction, M1 is an EM with the highest
power mainly concentrated due to the demagnetized regions at the left-
most vertex of each triangular antidot and M2 is a quantized mode

Fig. 5. Simulated spatial distributions for circular ADL of the (a) power and (b) phase profiles corresponding to the SW modes M1 at H=1.2 kOe, M3, M4, M6 at
H=0.2 kOe and M7 at H=0.4 kOe, respectively, are shown. The color maps for the power and phase distributions are shown on the right of the fig.

Fig. 6. x and y components of the simulated magnetostatic field (B) distribution taken from the central regions for φ=0° to 75°: (a) Bx for triangular ADL, (b) By for
triangular ADL, (c) Bx for circular ADL, and (d) By for circular ADL, respectively. The color map and the schematic of applied magnetic field are shown at the right
side of the fig.

6



symmetrically formed between vertically situated next nearest neigh-
bours. When φ is rotated to 15°, M1 is again an EM of the array with
very low power and the highest spin precession amplitude is mainly
concentrated at the left most vertex of each hole. M2 appears to be
running parallel through the diagonally extended channel of the array.
M3 and M4 are quantized modes uniformly distributed throughout the
whole lattice. For φ=30°, M1 is absent and M2 becomes fully ex-
tended through the diagonal channel. M3 and M4 are quantized modes
at this orientation. At φ=45° M1 is again an EM. M2 assumes a
pseudo-extended nature through the diagonal channel. The other two
are quantized modes. For φ=60°, M1 and M4 are absent and the
spatial nature of the two other modes are quantized modes with dif-
ferent quantization numbers. For the triangular ADL at φ=75°, M1 is
an EM with highest power concentrated along the base of the holes. M2
assumes a pseudo-extended nature along the horizontal channel. M3
and M4 are quantized in nature. For φ=90°, M1 is absent. M2 is ex-
tended through the horizontal channel. M3 and M4 are quantized
modes.

However, a stark variation in the SW dynamics is observed in cir-
cular ADL with the magnetic field as shown in Fig. 4(c, d) and Fig. 5(a,
b). Here, we have observed different types of quantized standing SW
modes due to the formation of confining potentials by the demagne-
tizing fields around the antidots. Significantly, the phase maps from
Fig. 5(a) reveal that, the frequency branches showing a crossover, i.e.
M6 and M7, possess quantized nature but with opposite phase to each
other. On the other hand, some of the SW modes, i.e. M1 and M2 un-
dergo a significant mode conversion when the in-plane orientation was
varied at a magnetic field of 0.8 kOe as evident from both power and
phase maps demonstrated in Fig. 4(b, d). Here, the SW modes M1 and
M2 are transformed from quantized to extended modes for
15°≤φ≤ 45° and M2 again becomes quantized for φ≥ 60°, while M1
vanishes at φ≥ 60°. However, M5 is a quantized mode and remains
almost unaffected with the field rotation. Consequently, this behaviour
is reflected in the anisotropic nature of the SW mode frequencies for
these lattices.

3.2. Simulated magnetostatic field distribution

To understand the origin of the observed SW dynamics we have
investigated the magnetostatic field distribution of the triangular and
circular ADLs using LLG micromagnetic simulator [42]. In case of cir-
cular shaped ADLs as shown in Fig. 6(d), the y-component of internal
field (B), i.e. By reveals a strong overlapping of the interaction between
the diagonally situated ADs at φ=0°creating localization potentials for
confined SWs. Consequently, all modes in the circular ADL at φ=0°
are found to form standing SWs with different quantization numbers.
On the contrary to the circular ADL, the demagnetized regions around
the triangular ADL are found to be asymmetric in nature due to the
asymmetry of the triangular shaped holes with sharp corners as shown
in Fig. 6(a). Due to this asymmetry, appearance of EM is observed at
some specific angles for triangular ADL in addition to quantized modes.
Interestingly, the magnetostatic field distribution gets modified with
the bias magnetic field rotation and shows an interesting change in the
overlapping regions between the antidots, leading to the variation of
the collective magnetization dynamics. The observed phenomenon of
the conversion of SW mode behaviour from confined or quantized to
extended nature is attributed to the variation of the internal field dis-
tribution at different bias field orientations along with the hexagonal
lattice geometry.

4. Conclusions

In summary, high-quality arrays of nanoscale circular and triangular
shaped Py antidots arranged in hexagonal lattice with hole size of about
240 nm and lattice constant of about 500 nm have been fabricated by a
combination of electron beam lithography, electron beam evaporation

and ion milling techniques. The SW mode conversion of these ADLs as a
function of the orientation of the applied magnetic field has been in-
vestigated with broadband FMR spectroscopy and TRMOKE micro-
scopy. The SW dynamics shows the presence of rich SW frequencies in
circular antidot array where a significant crossover between two higher
frequency branches was observed due to the strong overlapping of the
demagnetized regions. The SWs get periodically transformed under the
rotation of the azimuthal direction of the bias magnetic field. These
observations will play a key role in the fabrication of future magnetic
storage, memory and magnonic devices.
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