
1. Introduction

Ordered arrays of magnetic nanoelements have the potential 
to serve as magnetic storage [1], memory [2], logic [3], and 
spin-torque nano-oscillator [4] devices as well as magnonic 

crystals [5–7]. For the first two applications, the magnetostatic 
interaction (cross-talks) between the individual elements 
(bits) must be negligible, whereas strong interactions between 
the elements are a pre-requisite for the next three applications, 
as mentioned above. In the latter case, the nanoelement array 
may act as a medium of propagation of magnetic excitations 
in the form of collective long-wavelength spin waves, when 
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Abstract
Magnetization dynamics in Ni80Fe20 (Py) diatomic nanodots (nanodots of the same thickness 
but with large and small diameters that are closely placed to each other so as to act as a 
diatomic basis structure) embedded in 2D arrays have been investigated by the Brillouin 
light scattering technique. A distinct variation of resonant mode characteristics for different 
in-plane bias magnetic field applied along two different orientations of the lattice has been 
observed. Micromagnetic simulations reproduced the observed dynamical behaviour and 
revealed the variation of spatial distribution of collective modes of constituent single nanodots 
with different diameter and a diatomic unit forming the large array to understand the evolution 
of the magnetization dynamics from a single dot to the large array via a diatomic unit. The 
changes in mode frequency, spatial profiles of the modes, and appearance of new modes 
in a diatomic unit and its array from that of the constituent single dots indicate the strong 
magnetostatic interaction among the dots within the diatomic unit. Also, the occurrence of 
the new interacting mode at different frequencies for different orientations of the bias field 
indicates the change in the nature of interaction among the dots within the diatomic unit  
with bias magnetic field. The mode profiles also show distinct behaviour for smooth and 
rough-edged dots. This work motivates the study of magnonic band structure formation of 
such a dipolarly coupled nanodot array containing a complex double-dot unit cell.
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the individual magnetic elements are strongly magnetostati-
cally coupled. Magnonic crystals (MCs) are artificial crystals 
made up of periodically patterned arrays of ferromagnetic 
materials, which can be considered as carriers of spin waves. 
In such systems, interesting properties of magnetization 
dynamics and spin waves can be tuned by changing the mat-
erial and geometric parameters of the nanostructures, as well 
as by changing the strength and orientation of the bias magn-
etic field. MCs find potential application in magnonic wave-
guides [8], filters [9], interferometers [10], phase shifters [11], 
spin-wave emitters [5], and magnonic logic devices [12, 13].

Magnetization dynamics in ferromagnetic nanodot arrays 
have been investigated extensively over the last decade by 
various experimental techniques, which can be distinguished 
by a time-domain technique (optical and field-pumped time-
resolved magneto-optical Kerr effect (TRMOKE)) [14–16], 
frequency-domain technique (ferromagnetic resonance) [17], 
and wave vector-domain technique (Brillouin light scattering 
(BLS)) [18–20], as well as by numerical techniques such as 
the plane-wave method [21], micromagnetic simulations 
[22], and analytical technique [23–25]. These studies were 
mainly focussed on collective magnetization dynamics in fer-
romagnetic nanodot arrays by varying the material, shape, 
size, lattice spacing, lattice symmetry of the array, as well 
as the strength and orientation of the external bias magnetic 
field. For example, Kruglyak et  al reported an interesting 
size-dependent cross-over between different precessional 
modes by using TRMOKE measurements [26]. The transition 
between different collective modes by the variation of lattice 
constant and bias magnetic field as a consequence of the mod-
ification of inter-element interaction has also been reported 
[27, 28]. Variation of the shape of the nanodots as well as lat-
tice symmetry showed a large change in the internal magnetic 
field as well as the inter-dot interaction field giving rise to a 
large change in the spin-wave modes and the dynamical con-
figurational anisotropy in ferromagnetic nanodots [29–31]. 
Dipolarly coupled magnetic elements of different types have 
been reported in the literature. Studies have shown the tun-
ability of magnonic band structures in a dense array of dipo-
larly coupled nanostripes of alternating width, depending on 
the magnetic ordering of neighbouring wires, i.e. parallel and 
antiparallel alignment [32, 33].

Bi-component magnonic crystals (BMCs) have the poten-
tial to tune the collective magnetization dynamics more effi-
ciently due to the rich inter-element exchange and dipolar 
coupling and several attempts have been made so far to 
develop BMCs in the form of embedded ferromagnetic nano-
structures in another ferromagnetic matrix [34], nanodots with 
two different materials [35], antidots with different size, etc. 
However, more possibilities of developing new types of BMCs 
need to be explored for further advancement of this emerging 
research field. Here, we have used Ni80Fe20 (permalloy; Py 
hereafter) nanodots with two different sizes but the same 
thickness placed in close proximity as the diatomic (double 
dots connected by magnetostatic interaction) basis structure, 
which is arranged in a square lattice in an attempt to develop 
a new type of BMC, which has not been reported in the lit-
erature before. We have studied the collective magnetization 

dynamics in such diatomic magnetic nanodots by using the 
BLS technique. We specifically investigated the thermal spin 
waves with wave vector k  ≈  0 in the diatomic nanodots for 
different values and orientations of the in-plane bias magnetic 
field and different lattice constants. The micromagnetic sim-
ulations are also performed to investigate the mode profiles 
of the spin waves and also to understand the evolution of the 
magnetization dynamics from single dots to the large array via 
the diatomic unit. Our results have opened a pathway to tailor 
the magnonic properties in this type of system.

2. Sample preparation and characterization

500 µm  ×  500 µm arrays of circular-shaped diatomic Py 
nanodots with 30 nm thickness were fabricated on self-  
oxidized Si [1 0 0] substrate by a combination of electron-beam 
lithography and electron-beam evaporation. The beam current 
used during the lithography is 500 pA for a dose time of 1.0 
µs. The base pressure of the deposition chamber was 2  ×  10‒8 
Torr for the deposition of Py by electron-beam evaporation. 
Figures 1(a) and (b) show the scanning electron microscopy 
(SEM) images of the two samples S1 and S2. The diameter 
of the larger (d1) and smaller (d2) dot of a diatomic unit is 700 
and 280 nm, respectively, the inter-dot (intra-unit) separation 
(s1) is about 35 nm, while the inter-unit separation (s2) is about 
170 nm (lattice constant 1185 nm) for S1 and 300 nm (lattice 
constant 1315 nm) for S2. The diameter of the dots shows 
maximum  ±5% deviation, while the edge-to-edge separation 
between the dots of a diatomic unit shows maximum  ±10% 
deviation within different lattices. The inter-dot separation of 
a diatomic unit is chosen to be very small, so that the dots are 
strongly magnetostatically coupled and show strong collec-
tive modes of precession. The dots are chosen to be of circular 
shape, so that the individual dots do not possess any configu-
rational anisotropy due to their shape, although fabrication-
related deformations in the real sample may induce some shape 
anisotropy. The surface topography of the diatomic nanodot 
arrays has been measured by atomic force microscopy (AFM) 
and the AFM image of S1 is shown in figure 1(c). The height 
profile obtained from AFM is shown in figure 1(d), which con-
firms that the thickness of the sample is ~30 nm. Figure 2(a) 
shows the magnetic hysteresis loop of S1 measured using a 
static magneto-optical Kerr effect (SMOKE) microscope and 
figure 2(b) shows the simulated hysteresis loop of the same. 
The value of saturation magnetic field obtained from SMOKE 
measurement (~120 Oe) is slightly greater than that obtained 
from the simulated hysteresis loop (~80 Oe). Nevertheless, in 
BLS measurements the strength of applied in-plane bias field 
has always been kept greater than the saturation field values.

3. Experimental results

We have performed BLS measurements in backscattered 
geometry to study the thermal spin waves in these samples 
and the measurement geometry is shown schematically in 
figure  2(c). A continuous-wave single-mode diode-pumped 
solid-state laser of wavelength λ  =  532 nm and power of 130 
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mW was focused onto the sample to a spot size ~40 µm and the 
inelastically scattered light from the sample due to the interac-
tion between incident photons and magnons was analysed to 
determine the spin-wave frequencies by using a Sandercock-
type six-pass tandem Fabry–Perot interferometer. The laser 
light impinges parallel to normal of the sample plane, which 
enables the measurement for the k  ≈  0 wave vector. Here, the 

frequency shift of the scattered beam from the incident laser 
frequency corresponds to the thermally excited spin-wave fre-
quency. In our experiment, an in-plane bias magnetic field H, 
applied parallel to the sample surface and perpendicular to the 
plane of incidence of light (the measurement geometry in our 
experiment is shown schematically in figure 2(c)), is varied 
from 0.3–1.5 kOe. The observed frequency shift of the spectra 

Figure 1. SEM images of Py diatomic nanodot arrays with two different inter-unit separations of (a) 170 nm (S1) and (b) 300 nm (S2).  
(c) AFM image of S1. (d) AFM height profile of S1 showing that the thickness of sample is ~30 nm.

Figure 2. (a) Magnetic hysteresis loop of S1 measured by SMOKE microscopy. (b) Simulated magnetic hysteresis loop of the same using 
OOMMF software. (c) Measurement geometry for BLS experiment in our study. Here kin is the incident wave-vector and H is the in-plane 
bias magnetic field. (d) Gaussian fit to a typical elastic peak of the BLS spectra to obtain an estimate of the instrumental linewidth of our 
experiment setup.
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is strongly related to the applied bias field, showing its magn-
etic origin. The BLS spectra are measured for the k  ≈  0 wave 
vector for two different bias field orientations (ϕ  =  0° and 
90°), as shown in figure 3. Further details of the BLS setup are 
described elsewhere [36].

Figure 2(d) shows the Gaussian fit to a typical elastic peak 
of the BLS spectra to get an estimate of instrumental linewidth 
[37]. From the fit, a linewidth of ~0.3 GHz is obtained, which 
gives the measure of the lower limit of the linewidth in our 
BLS spectra. In figure 3, we present the measured BLS spectra 
at different bias magnetic field strengths and two different bias 
field orientations for the two different diatomic nanodot arrays. 
In both orientations, a number of modes have been observed 
and frequencies of all the modes increase with the increase 
in applied bias field, i.e. all the modes show dispersion with 
the applied bias field. However, the powers of the spin-wave 
modes are different in the two different bias field orientations. 
The powers of the modes decrease with increase of frequency 
in ϕ  =  0° orientation, whereas the lowest and highest fre-
quency modes have lesser power compared to the two central 
modes, which have nearly equal power in the ϕ  =  90°orienta-
tion of the bias field. Interestingly, in the ϕ  =  0° orientation of 
the bias field, the separation between mode 2 and 3 decreases 
as H increases and finally almost merges at H  =  1.5 kOe, 
whereas in the ϕ  =  90° orientation of the bias field, the oppo-
site phenomenon occurs, i.e. the separation between mode 2 
and 3 increases as H increases. Also, the frequencies of the 

modes are different in the two different orientations for a par-
ticular value of H. We have separately plotted magnified views 
of the spectra at H  =  1 kOe for the two arrays at two different 
orientations (except for S2 at ϕ  =  0°, where instead of 1 kOe, 
the spectrum has been taken at 0.9 kOe) in figure 4(a). The 
frequency axis is rotated by 180° here for the sake of clarity.

4. Micromagnetic analysis of the collective  
magnetization dynamics and spin waves

In order to understand the observed spin-wave spectra and their 
variation with various parameters, we have performed micro-
magnetic simulations using OOMMF software [38]. We have 
also simulated the spin-wave mode profiles (power and phase 
of individual resonant mode) by using a home-grown code 
[39]. We have simulated single nanodots of two different sizes, 
a diatomic basis structure, and arrays of the diatomic nanodots 
to reproduce our experimental data and also to understand 
the evolution of the collective magnetization dynamics from 
single dot via diatomic basis to the large array. The frequencies 
and spatial profiles of the modes of the individual elements 
are found to be significantly modified in the diatomic unit and 
further in the 2D arrays, and additional modes also appeared. 
Furthermore, the simulated mode profiles are found to be dif-
ferent for two different orientations of the bias field. The simu-
lations are performed on the nanodot arrays after applying a 

(a) (b)

(c) (d)

Figure 3. BLS spectra of the two Py diatomic nanodot arrays (S1) and (S2) at different in-plane bias magnetic fields. Field values and 
mode numbers are mentioned for corresponding spectra. Spin-wave spectra from S1 for (a) ϕ  =  0° and (b) ϕ  =  90°. Spin-wave spectra 
from S2 for (c) ϕ  =  0° and (d) ϕ  =  90°.
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2D periodic boundary condition (2D-PBC). We simulated both 
the ideal structures without any edge deformation (presented in 
the main article) and the real sample structures to understand 
the effects of edge deformation on the spin-wave spectra and 
mode profiles in the real sample. The simulation results with 
the introduction of the actual edge deformations are given in 
the supplemental material6 (stacks.iop.org/JPhysD/50/385002/
mmedia). The real sample geometry for simulation was 
derived from the SEM images. The calculations were done by 
dividing the samples into arrays of cuboidal cells of dimen-
sions 4  ×  4  ×  30 nm3, while the material parameters for Py 
were used as gyromagn etic ratio γ  =  17.6 MHz/Oe, aniso-
tropy field Hk  =  0, satur ation magnetization Ms  =  800 emu/cc, 
and exchange stiffness constant A  =  1.3  ×  10‒6 erg cm‒1. The 

lateral dimensions of the cells are below the exchange length, 

lex =
√

2A
µ0M2

s
 (~5.7 nm or 5.7  ×  10‒7 cm) of Py. The material 

parameters were obtained by measuring the variation of pre-
cessional frequency ( f ) with bias field for a Py thin film and by 
fitting them using the Kittel formula,

f =
γ

2π

√
(H + Hk) (H + Hk + 4πMs). (1)

The exchange stiffness constant A is obtained from the litera-
ture [40]. In OOMMF simulation, at first to obtain the static 
magnetic configuration, a large magnetic field was applied 
to saturate the sample magnetization and then the magnetic 
field was reduced to the bias field value. The system was then 
allowed to reach the equilibrium. A pulsed magnetic field was 
applied to simulate the magnetization dynamics. The spatial 
maps of magnetization were calculated at time steps of 10 ps 
for a total duration of 4 ns. The static and dynamic simulations 
were performed using methods, as described elsewhere [27]. 
The power and phase maps for various resonant modes were 
simulated by fixing one of the spatial coordinates in the space- 
and time-dependent magnetization, followed by performing 

a discrete fast Fourier transform (FFT) with respect to time 
domain.

4.1. Simulated mode profiles

Figures 4(b) and (c) show the FFT power spectra of the 
simulated time-domain magnetization. The power and phase 
profiles of the simulated modes for the two different orienta-
tions (ϕ  =  0° and 90°) of the in-plane bias field are shown in   
figures 5 and 6, respectively. The simulated FFT spectra of the 
smaller dot of diameter 280 nm and thickness 30 nm (figure 
4(b)) show two distinct high-power modes at 3.3 GHz (mode 
1) and 9.2 GHz (mode 3), which are the edge mode (EM) 
and centre mode (CM) of the dot. In addition, a lower-power 
mode is observed at 7.2 GHz (mode 2), which is found to be 
a standing wave mode of backward volume (BV) magneto-
static spin wave in origin. Interestingly, when the bias field is 
rotated by 90° (figures 4(c) and 6) the lowest frequency mode 
splits into two asymmetric EMs at 2.1 GHz (mode 1) and 2.7 
GHz (mode 2), in addition to a low-power BV mode at 6.4 
GHz (mode 3) and a CM at 7.5 GHz (mode 4).

The FFT spectra of the larger dot of diameter 700 nm and 
thickness 30 nm show (figures 4(b) and 5) one dominant CM 
at 9.2 GHz (mode 4) having two low-power shoulders and a 
distinct mode with BV-like characteristics at 8.0 GHz (mode 
3 with quantization number n  =  11), 7.5 GHz (mode 2 with 
n  =  9), and 6.4 GHz (mode 1 with n  =  5), and a complex 
high-frequency mode at 13.2 GHz (mode 5) with mixed BV 
and Damon–Eshbach (DE) character (n  =  23, m  =  2). When 
the bias field is rotated to ϕ  =  90° (figures 4(c) and 6) the 
main dominant mode retains its spatial character of CM but 
gets slightly redshifted compared to the one at ϕ  =  0° and 
appears at 8.6 GHz (mode 4). The other modes with lower 
power appear at 7.4 GHz (mode 3), 7.0 GHz (mode 2), and 
5.9 GHz (mode 1) (all BV-like modes with n  =  9, 7, and 5, 
respectively), and 12.5 GHz (mode 5, which is a complex 
mode with mixed BV-DE character, n  =  23, m  =  2).

However, the mode characteristics are significantly modi-
fied when the larger and the smaller dots are placed next to 
each other with a gap of about 35 nm between their nearest 

Figure 4. (a) Magnified views of the spin-wave spectra for S1 and S2 at ϕ  =  0° and 90°. The corresponding bias field is shown in the 
respective spectrum. (b) FFT power spectra of the simulated time-domain magnetization of S1at ϕ  =  0° and (c) ϕ  =  90°. Each column 
contains four panels corresponding to the simulated spectra of smaller dot, larger dot, a diatomic unit, and an array with PBC.

6 See supplemental material (stacks.iop.org/JPhysD/50/385002/mmedia) for 
the micromagnetic simulation results of diatomic dot arrays after introduc-
tion of actual edge roughness.

stacks.iop.org/JPhysD/50/385002/mmedia
stacks.iop.org/JPhysD/50/385002/mmedia
stacks.iop.org/JPhysD/50/385002/mmedia
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edges. In the first orientation of the applied bias field, i.e. for 
ϕ  =  0° (figures 4(b) and 5) the two lowest-frequency modes 
at 2.0 and 3.4 GHz are not analysed, as they appeared neither 
in the simulated nor in the experimental array of diatomic 
nanodots. Here, mode 1 (6.4 GHz) corresponds to a BV-like 
mode with n  =  5 in both the dots, while mode 2 (8.2 GHz), 
3 (9.4 GHz), and 4 (10.4 GHz) correspond to a BV-like mode 
with quantization number (large element, small element) as 
(9, 5), (16, 7), and (17, 8). The asymmetry in mode number 
and mode profile in the diatomic unit stems from the strong 
magnetostatic interaction between the dots at their nearest 
edges. Mode 5 (13.2 GHz) corresponds to the mixed BV-DE-
like mode (n  =  25, m  =  2) in the larger dot and a BV-like 
mode (n  =  9) in the smaller dot. For ϕ  =  90°, we again 
did not analyse the two lowest-frequency modes at 1.2 and 
2.2 GHz, as they did not appear in the experimental spectra   
(figures 4(c) and 6). Here, mode 1 (3.3 GHz) corresponds 
to the EM of both dots, which is a new collective mode as 
pure EM was not observed in the single larger dot. Mode 2 
(6.1 GHz) corresponds to a BV-like mode with n  =  5 in both 
the dots. Mode 3 (6.8 GHz) corresponds to a BV-like mode 
(n  =  7) in the larger dot and CM in the smaller dot. Mode 
4 (8.6 GHz) is a complex mode with a mixed BV-DE-like 
character in both the dots (n  =  13, m  =  2 in the larger one 
and n  =  7, m  =  2 in the smaller one). Mode 5 (12.5 GHz) is 
also a complex mode with a BV-DE-like character in both 
the dots (n  =  25, m  =  2 in the larger one and n  =  11, n  =  3 
in the smaller one).

These modes are further modified in the arrays, as observed 
both from the experimental and simulated spectra from the 
array. For ϕ  =  0°, the four modes observed in the experimental 
spectra at k  ≈  0 (figure 4(a)) are well reproduced by micro-
magnetic simulations, as shown in figures 4(b) and 5, although 
the lowest-frequency mode at 6.8 GHz (present in the simu-
lated spectra) is not prominent in the experimental spectra. 
The frequencies of these modes are almost the same as the 
diatomic unit, but the lower-frequency modes do not appear 
here. Here, mode 1 (6.8 GHz) is a collective BV-like mode in 
both the larger (n  =  7) and smaller (n  =  3) dots with different 
mode quantization number. Mode 2 (9.2 GHz) corresponds 
to a near uniform mode in the larger dot and BV-like mode 
(n  =  5) in the smaller dot. Mode 3 (10.5 GHz) corresponds 
to a BV-like mode in both the larger (n  =  17) and smaller 
(n  =  8) dots, which is identical to mode 4 of the diatomic 
unit. Mode 4 (13.5 GHz) is also identical to mode 5 of the dia-
tomic unit. Hence, the long-range magnetostatic interaction 
between the elements in the array strongly modifies only the 
lower-frequency modes, while the higher-frequency modes 
remain unaltered as these modes are dominated by exchange 
interaction as opposed to the purely dipolar-dominated lower-
frequency modes. In the other orientation (ϕ  =  90°) of the 
bias field, three clear modes and a weaker shoulder-like mode 
appear in the simulated FFT spectra of the array (figure 4(c)). 
Mode 1 (5.8 GHz) corresponds to a BV mode with n  =  7 in 
the larger one and n  =  5 in the smaller one. Whereas mode 2 
(6.9 GHz), 3 (9.0 GHz), and 4 (12.5 GHz) correspond to mode 

Figure 5. The power and phase maps for different spin-wave modes of individual nanodots, diatomic unit, and array (S1) for H  =  1 kOe 
applied at ϕ  =  0° showing the evolution of the modes from individual nanodots to the array via a diatomic unit. The colour maps for the 
power (in arbitrary units) and phase (in radians) distributions are shown at the top. Sizes of the dots are not to scale.
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3, 4, and 5 of the diatomic unit in this bias field configuration, 
showing very weak effects of long-range dipolar interaction 
on these modes in the array. The introduction of edge defor-
mation causes further modifications of the spin-wave modes, 
which gives a better match with the experimental spectra. 
As in this type of dipolarly coupled nanodots, the coupling 
strength depends on the unsaturated spins present in the dot 
edges. Hence, the lowest-frequency modes are mainly modi-
fied by the introduction of edge roughness. For the sake of 

clarity, we have presented the simulations with rough-edged 
samples in the supplemental material7.

The variation of bias magnetic field systematically varied 
the resonant mode frequencies as expected, but the number 
of modes remained unchanged. We further investigated 
the effects of the bias magnetic field on the mode profiles. 
Figure  7(a) shows the FFT spectra for the simulated time-
domain magnetization and figure  8 shows the power and 
phase maps at three different bias field values applied to S1 at 
ϕ  =  0°. While all the quantized modes become more promi-
nent with the reduction of the bias field, the most dominant 
mode (mode 2) is most strongly affected. At high values of 
applied bias magnetic field the most intense peak corresponds 
to a spatially uniform CM. However, the most intense peak 
shows primarily BV-like nature with n  =  11 when the applied 
bias magnetic field strength is reduced.

As we vary the inter-dot separation (lattice constant) of 
the array from 170 nm (1185 nm) to 300 nm (1315 nm), while 
keeping the diatomic unit fixed, we do not observe any sig-
nificant variation in the spin-wave spectra of the array in both 
bias field orientations apart from the fact that a new mode at 
7.6 GHz appears in S2 for ϕ  =  0° as opposed to S1, which 
is a BV-like mode with n  =  9 in the larger dot and n  =  5 in 
the smaller one. Simulated mode profiles (figures 7(b) and 9) 
also reveal that the higher-frequency modes as observed in 
the experimental spectra remain unaltered, while the lowest-
frequency mode (mode 1) becomes more symmetric in S2 

Figure 6. The power and phase maps for different spin-wave mode individual nanodots, diatomic unit, and array (S1) for H  =  1 kOe 
applied at ϕ  =  90° showing the evolution of the modes from individual nanodots to the array via a diatomic unit. The colour maps for the 
power and phase distributions are as shown in figure 5. Sizes of the dots are not to scale.

Figure 7. (a) FFT power spectra of simulated time-domain 
magnetization for three different values of the in-plane bias 
magnetic field applied at ϕ  =  0° for smooth-edged array 
corresponding to S1. (b) FFT power spectra of simulated time-
domain magnetization for the array S2 for H  =  1 kOe applied at 
ϕ  =  0° and 90°.

7 See footnote 6.
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Figure 8. The power and phase maps for different spin-wave modes of the array S1 for different values of the bias magnetic field of  
(a) H  =  0.3 kOe, (b) H  =  1.0 kOe, and (c) H  =  1.5 kOe applied at ϕ  =  0°. The colour maps for the power and phase distributions are as 
shown in figure 5. Sizes of the dots are not to scale.

Figure 9. The power and phase maps for different spin-wave modes of the array S2 for H  =  1 kOe at (a) ϕ  =  0°, and (b) ϕ  =  90°. The 
colour maps for the power and phase distributions are as shown in figure 5. Sizes of the dots are not to scale.
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due to the reduction of inter-unit interaction in the array. For 
ϕ  =  90°, the collective behaviour was weak in S1 and hence, 
the reduction of lattice constant did not affect either the spin-
wave spectra or the mode profiles.

4.2. Simulated magnetostatic field distribution of the arrays

The spin-wave mode profiles already give some informa-
tion about the origin of the differences in the spin-wave 
spectra in different lattices. To gain more insight into the 
dynamics, we have further simulated the magnetostatic field 
distribution of the diatomic nanodot arrays by using LLG 
micromagnetic simulator [41]. Figures 10(a) and (b) show 
the contour plots of the magnetostatic fields of S1 for the 
two different bias field orientations, and figure  10(c) rep-
resents the contour plot of the magnetostatic fields of S2 in 
ϕ  =  0° orientation. The arrows represent the magnetization 
inside the dots. It is clear that the dipolar contribution from 
the magnetostatic stray field dominates for the two arrays in 
the two different orientations of the bias field, and the den-
sity of the inter-unit interacting field lines is much smaller 
than the intra-unit interaction field. Consequently, the inter-
unit interacting fields are influenced by the change in lattice 
constant.

To quantify the intra-unit and inter-unit interaction, we 
have taken line scans of the simulated magnetostatic fields 
along the white dotted lines from S1 (ϕ  =  0° and 90°) and 
S2 (ϕ  =  0°), as shown in figures 10(d)–(f). The magnitude of 
the inter-unit stray field in S1 is ~1.0 kOe, whereas in S2 it is 
~0.6 kOe, indicating weaker dipolar interaction in S2 com-
pared to S1. The intra-unit stray field of a diatomic unit is 
very large (~4.0 kOe) with similar values for both the arrays 
at ϕ  =  0°. The total field inside the two dots of a diatomic 
unit is identical with a value of about 10 kOe in both S1 
and S2 for ϕ  =  0°. However, when the bias field is rotated 
to ϕ  =  90°, the intra-unit and inter-unit field become 1.5 and 
0.9 kOe, respectively, indicating that the interaction is very 
much reduced in the ϕ  =  90° orientation of the applied bias 
field leading to a weaker collective dynamical behaviour, as 
observed in our experiment.

5. Conclusion

In summary, we have fabricated a 2D diatomic MC where Py 
nanodots of two different diameters are placed very close to 
each other to form the basis structure, which is arranged in 
the square lattice of two different lattice constants. A BLS 

Figure 10. The contour maps of simulated magnetostatic field distribution for the diatomic nanodot arrays (a) S1 at ϕ  =  0°, (b) S1 at 
ϕ  =  90°, and (c) S2 at ϕ  =  0°. (d)–(f) The corresponding line scans of simulated magnetostatic fields from the arrays obtained from the 
positions indicated by white dotted lines.
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study of the two different arrays for the k  ≈  0 wave vector by 
varying the bias magnetic field strength and orientation reveal 
rich spin-wave spectra for these BMCs, which can be tuned 
by both the bias magnetic strength and orientation. We repro-
duced the observed spectra by micromagnetic simulations and 
interpreted the origin of the observed spectra by simulated 
spin-wave mode profiles. To this end, we simulated the indi-
vidual nanodots, a diatomic basis unit, as well as the 2D arrays 
to understand how the modes evolve from the single element 
to the array via the diatomic unit. A number of quantized, 
localized, and extended modes are observed in the nanodots. 
New collective modes also appear in the diatomic unit and 
the large array, which indicates interaction among the larger 
and smaller dots within the diatomic unit. Variation of the 
bias magnetic field orientation further influenced the collec-
tive behaviour of the modes. The new interacting mode in the 
diatomic unit and the array has either blue or redshifted for the 
two different orientations of the bias magnetic field. Further 
variation of bias magnetic field magnitude did not influence 
the observed spectra and mode profiles significantly, barring 
the fact that the most intense peak in the spectra corresponds to 
different spin-wave modes at different magnetic field values. 
It shows spatially uniform nature at high field strength. But in 
low field regime, the most intense peak shows BV-like nature 
due to the reduction in the internal magnetic field. Variation 
of lattice constant also did not affect the observed spectra 
and mode profile significantly apart from a lower-frequency 
mode, which becomes more prominent in the larger lattice 
constant and its mode profile becomes more symmetric due to 
the reduction in the inter-unit interaction field. This work may 
lead to the study of the detailed spin-wave dispersion phenom-
enon, with motivation of searching for tunable magnonic band 
structure and band gap, for understanding the functionality of 
such diatomic MC as an active element of future magnonic 
devices.
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