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ABSTRACT: Controlled fabrication of periodically arranged
embedded nanostructures with strong interelement interaction
through the interface between the two different materials has
great potential applications in spintronics, spin logic, and other
spin-based communication devices. Here, we report the
fabrication of two-dimensional bicomponent magnonic crystals
in form of embedded Ni80Fe20 nanostructures in Co50Fe50 thin
films by nanolithography. The spin wave (SW) spectra studied
by a broadband ferromagnetic resonance spectroscopy showed
a significant variation as the shape of the embedded
nanostructure changes from circular to square. Significantly,
in both shapes, a minimum in frequency is obtained at a negative value of bias field during the field hysteresis confirming the
presence of a strong exchange coupling at the interface between the two materials, which can potentially increase the spin wave
propagation velocity in such structures leading to faster gigahertz frequency magnetic communication and logic devices. The spin
wave frequencies and bandgaps show bias field tunability, which is important for above device applications. Numerical
simulations qualitatively reproduced the experimental results, and simulated mode profiles revealed the spatial distribution of the
SW modes and internal magnetic fields responsible for this observation. Development of such controlled arrays of embedded
nanostructures with improved interface can be easily applied to other forms of artificial crystals.
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■ INTRODUCTION

Metamaterials are the smart artificial materials that are
engineered to have the properties not found commonly in
nature. Such new material properties may not always be
possible to achieve in a single material in the bulk or thin-film
form. Instead, structuring of known materials in one-, two-, or
three-dimensions at various length scales and exploiting
dynamical magnetic properties over a broad frequency range
may potentially offer the desirable material properties.
Magnonic crystals1 (MCs), photonic crystals,2 and phononic
crystals3 are popular metamaterials where spin waves (SWs) or
magnons, electromagnetic waves (photons), and acoustic waves
(phonons) are the transmission waves, respectively. However,
because of the low speed of propagation when compared to the
electromagnetic wave, SWs with frequencies in the range of
tens of gigahertz have wavelengths in the nanometer regime,
making MCs ideal candidates for cellular nonlinear network
and nanoscale on-chip data communications, including
magnonic waveguides,4 filters,5 splitters, phase shifters,6 SW
emitters,7 as well as for magnonic logic devices.8 As a result a
new research field named magnonics has emerged, which has

the capability to replace current semiconductor technology.
One important problem is to tune the magnonic band structure
of the MCs by varying different geometrical parameters like
shape,9 size,10 lattice spacing,11 and lattice symmetry12 and also
by changing the constituent ferromagnetic materials.13

Two dimensional (2-D) periodic ferromagnetic antidot
lattices (ADLs) have emerged as potential candidates for
magneto-photonic crystals,14,15 ultrahigh density magnetic
storage media,16 and magnonic crystals. Magnonic band
structures of these ADLs can be more efficiently tuned in
bicomponent magnonic crystals (BMCs),17 where one
magnetic material is embedded within the continuous film of
another magnetic material. In such embedded structures, where
two different magnetic materials are in direct contact with each
other, the dynamic dipole coupling is maximized due to the
presence of exchange coupling at their interface. As a result,
SWs are subjected to scattering at the interface between the two
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materials and can easily transmit through the interface.
Therefore, SWs can propagate across its entire structure with
large group velocities. Thus, 2-D embedded nanostructures
have attracted huge attention of the scientific community due
to their intriguing physical properties like broad spectrum of
scattering and mode-coupling processes as well as potential
applications in controlling the SW propagation in magnonic
and other kinds of integrated spin-based communication
devices.
In the past few years, one-dimensional18,19 (1-D) and 2-

D20−23 BMCs have been initially explored. The high-frequency
magnetization dynamics of 1-D and 2-D BMCs have been
investigated experimentally by time domain,24 frequency
domain,25 and wave-vector domain26 techniques and also by
using analytical methods27 and micromagnetic simulations.28

Further, the complex magnonic band structures of these 2-D
BMCs were investigated by using plane-wave method (PWM).
Recently, a circular-shaped BMC has been demonstrated as an
omnidirectional grating coupler,29 which shows a giant
enhancement of the amplitude of the short-wavelength SWs
with compared to a bare microwave antenna. However, the
above structures suffer from lower propagation velocity, which
can be potentially overcome by an increased interface exchange
interaction between the two different elements of the BMC, but
there are very few reports21,29 on the fabrication of embedded
magnetic structures in nanoscale regime in that pursuit.
Additionally, the exchange coupling and the demagnetizing
fields at the interface of the two constituent materials can be
potentially modified by varying the interface area by changing
the shape of the filling region, which has not been studied yet.
Here, we took the challenge to fabricate such embedded
nanostructures by using state-of-the art nanofabrication
techniques. We investigated the SW dynamics of 2-D arrays
of Ni80Fe20 (NiFe)-filled antidots embedded in continuous
Co50Fe50 (CoFe) film with two different antidot shapes,
namely, circular and square, arranged in a square lattice by
using broadband ferromagnetic resonance (FMR) spectrosco-
py. A significant variation in the SW spectra is observed, as the
embedded element shape varies from circle to square.
Significantly, the frequency gap between the two lowest SW
modes gradually decreases with the reduction in bias field
strength, shows a minimum at ∼0.75 kOe for circular and 0.9
kOe for square-shaped embedded magnetic structures, followed

by an increase as the bias field is reduced further. Further, a
minimum in the frequency value was observed for both element
shapes at a negative value of bias magnetic field during the field
hysteresis, which is a confirmation of the presence of an
exchange coupling at the interface between the NiFe and CoFe
regions. Using numerical micromagnetic simulations, we
reproduced the observed behaviors and unraveled the SW
mode profiles, which show the presence of various extended
and localized SW modes due to the modification of the
interface of the embedded structures.

■ EXPERIMENTAL DETAILS
Arrays (25 μm × 250 μm) of 20 nm thick NiFe nanostructures
embedded in CoFe films named by S3 and S4 (filled ADLs) and
corresponding unfilled CoFe ADLs named S1 and S2 of circular and
square shapes arranged in square lattice symmetry as shown in the
scanning electron micrographs of Figure 1a,b were fabricated by using
a combination of e-beam lithography (EBL), e-beam evaporation
(EBE), and ion milling. The schematic of the sample fabrication
technique is shown in Figure 1c. The width of the each NiFe-filled
region is ∼400 nm (±5%), and the edge-to-edge separation between
them is ∼600 nm (±5%). The chemical compositions of the filled
ADLs measured by the energy-dispersive X-ray spectroscopy agree
well with the nominal composition of the target materials. A coplanar
waveguide (CPW) made of Au with thickness of 150 nm was
deposited on top of the array structures for the broadband FMR
measurement. The width and length of the central conducting line of
this CPW are 30 and 300 μm, respectively, so that the array falls under
the center of the central conducting line of CPW, which has a nominal
characteristic impedance of 50 Ω.

The SW spectra from the arrays were measured by using broadband
FMR spectrometer, which is based upon a vector network analyzer
(Agilent PNA-L, model N5230C, frequency range from 10 MHz to 50
GHz) and a home-built high-frequency probe station with non-
magnetic G-S-G type pico-probe (GGB Industries, model 40A-GSG-
150-EDP). The system has an in-built electromagnet inside the probe-
station generating a bias field (Hext) of ±1.8 kOe, which is used to
apply an external bias magnetic field parallel to the CPW. The sample
is viewed with the help of a microscope and illumination setup.
Microwave signals with varying frequency are launched into the CPW
structure using a G-S-G type of probe through a high-frequency and
low-noise coaxial cable (model N1501A-203). The CPW is shorted at
one end, and the back-reflected signal is collected by the same probe
to the analyzer via the same coaxial cable. Absorption of the ongoing
and returning signals at various SW frequencies produces the
characteristic SW spectrum of the sample. The real and imaginary

Figure 1. Scanning electron micrographs of circular and square shaped (a) Co50Fe50 (CoFe) antidot lattices (ADLs) named by S1 and S2 and (b)
Ni80Fe20 (NiFe)-filled CoFe ADLs named by S3 and S4 arranged in square lattice symmetry are shown. The geometry of the applied magnetic field
(Hext) for all lattices is shown in the micrograph of S1. (c) Schematic of the techniques used for fabrication of 2-D array of embedded magnetic
structures.
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parts of the scattering parameter in reflection geometry (S11) measured
at various magnetic fields are subtracted from its value at maximum
bias magnetic field, which is used as the reference spectrum, and the
SW spectra are obtained.
Fabrication: The periodic arrays of embedded nanostructures in the

form of NiFe-filled CoFe antidot lattices arranged in square lattice
symmetry were fabricated by a combination of e-beam lithography
(EBL), e-beam evaporation (EBE), and ion milling as shown in Figure
1c. The width of each NiFe-filled region (antidot) is ∼400 nm with
maximum ±5% deviation, and the edge-to-edge separation between
them is 600 nm with maximum ±5% deviation, so that both the
magnetostatic interaction and the exchange interaction play significant
roles on the SW spectra. At first, 20 nm thick NiFe film is deposited on
top of a self-oxidized silicon (Si) [100] substrate using e-beam
evaporation in an ultrahigh vacuum chamber at a base pressure of 2 ×
10−8 torr. Single-layer negative resist (ma-N 2405) was used for e-
beam lithography with a beam current of 100 pA to prepare the resist
pattern on top of the NiFe film followed by argon ion milling at a base
pressure of 1.8 × 10−4 torr to etch out the NiFe film from everywhere
except the exposed resist pattern. The ion milling on the NiFe film was
performed down to the base of the film for each pattern. Subsequently,
CoFe was deposited on top of this substrate in the e-beam evaporation
chamber at the same base pressure used during NiFe deposition. The
thickness of CoFe is kept as 20 nm so that after lift-off process the
height of the NiFe-filled regions and the surrounding CoFe regions
remain the same. A coplanar waveguide (CPW) made of Au with
thickness of 150 nm was deposited on top of the NiFe-filled CoFe
ADLs at a base pressure of 6 × 10−7 torr for the broadband FMR
measurement. The Au waveguide was patterned by using mask-less
photolithography. The width and length of the central conducting line
of this CPW are 30 and 300 μm, respectively, so that the array falls
under the center of the central conducting line of CPW, which has a
nominal characteristic impedance of 50 Ω. Unfilled CoFe ADLs and
Au coplanar waveguides on top of them with same dimensions are also
prepared separately under the same conditions for measurement of the
FMR spectra of those samples.

Measurement: The frequency domain SW dynamics of the samples
was measured by using a broadband FMR spectrometer based on a
vector network analyzer (VNA-FMR) along with a home-built probe
station, which includes an in-built electromagnet to apply the bias
magnetic field of 1.8 kOe. The bias field can be rotated by 360° within
the sample plane. The microwave signal of varying frequency from 10
MHz to 50 GHz is launched in the CPW through a nonmagnetic G-S-
G probe via a coaxial cable, and the CPW is shorted at one end so that
the scattering parameter in the reflection mode (S11) can be measured
by the VNA after being collected by the same probe. The sample
absorbs the power at various SW frequencies during the onward and
return journey of the microwave signal through the CPW structure.
This forms the characteristic SW spectrum for that sample. However,
there are nonlinear backgrounds in the directly measured signals
originated from various sources. Hence during measurement at each
bias field a reference spectrum (spectrum at the highest value of the
bias field) is subtracted from the signal to obtain a background free
spectrum. However, some background still remains in the spectrum,
which is nontrivial to remove from the spectrum. For each sample the
spectra for a series of bias field from −1.56 to +1.56 kOe at separation
of 20 Oe are plotted together as a surface plot to obtain Figure 2a,b.

■ RESULT AND ANALYSIS

The bias field dependence of the SW absorption spectra for the
unfilled ADLs (S1 and S2) as well as the filled ADLs (S3 and
S4) are presented as surface plots as shown in Figure 2a,b. The
measurement was done in the range of Hext between ±1.56 kOe
at steps of 20 Oe for a fixed azimuthal angle ϕ = 0° as shown in
Figure 1a. The typical SW spectra, that is, the real part of S11
parameters as a function of frequency for all four samples at
three different bias magnetic fields, are shown in the Supporting
Information (Figure 1S). The SW spectra change significantly
for filled ADLs (S3 and S4) as opposed to the unfilled ADLs
(S1 and S2), and the spectra are further modified when the
shape of the element (antidot) is changed from circular to

Figure 2. Bias field-dependent SW absorption spectra of circular and square shaped (a) CoFe ADLs (S1 and S2) and (b) NiFe-filled CoFe ADLs
(S3 and S4) at ϕ = 0°. The surface plots correspond to the experimental data, while the symbols correspond to the simulated data. The color scale
for the surface plots are given at top of the figure.
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square. From Figure 2a,b three modes are observed for both S1
and S3. However, for S3 as shown in Figure 2b, the frequencies
of all the modes decrease significantly, and the frequency gap
(Δf) between the two lowest SW modes (modes 1 and 2) also
decreases with decrease in positive field showing a minimum in
Δf at Hext = 0.75 kOe. Below that field Δf again increases. In
addition, the dispersion of frequency versus bias field for the S3
shows an asymmetry during field hysteresis with a minimum in
the frequency at a negative bias field value of Hext = −150 Oe as
opposed to the S1, which shows a symmetric dispersion with
respect to the bias field. Since NiFe has negligible anisotropy
and CoFe ADL also shows no anisotropy in the frequency
versus field dispersion, the observation of an anisotropy, that is,
a minimum in frequency at a negative bias field, confirms the
presence of an exchange coupling at the interface between NiFe
and CoFe. In case of square-shaped elements (antidots), the
SW spectra change drastically as compared to the circular-
shaped elements (antidots) for filled (unfilled) ADLs. The
square-shaped unfilled ADL, that is, S2, shows four distinct
modes (Figure 2a) for all field values, while a broad band of
modes is observed for the filled ADL, that is, S4. Figure 2b
reveals five modes for higher field values (Hext > 1.2 kOe),
which split into seven modes for an intermediate field range
(0.5 kOe < Hext < 1.2 kOe), and again converge to five modes
for lower field values (Hext < 0.5 kOe). Similar to S3, in case of
S4 the frequency gap (Δf) between the two lowest modes
(modes 1 and 2) becomes minimum at a relatively large bias
field value of 0.9 kOe, and for Hext > 0.9 kOe it increases; this
trend repeats when the field value is reversed. Here also,
because of the exchange coupling between two constituent
materials at the interface, an asymmetry in the frequency versus
bias field dispersion is observed with a minimum of frequency
at a negative bias magnetic field value Hext = −190 Oe during
the field hysteresis. The presence of the exchange interaction at
the boundary between CoFe and NiFe in the filled ADLs (S3
and S4) are further confirmed by simulated magnetic hysteresis
loops (not shown), which are markedly different from the
unfilled CoFe ADLs as well as the NiFe dots. The filled ADLs
(S3 and S4) show much larger propagation velocity for spin
waves as opposed to their unfilled counterparts (S1 and S2) as
discussed later in this paper.

■ MICROMAGNETIC ANALYSIS
We performed micromagnetic simulations to understand the
origin of the SW modes using the OOMMF software30 by
considering unfilled and filled ADLs consisting of 5 × 5
antidots (elements) with two different shapes arranged in
square lattice. The samples are discretized into rectangular
prismlike cells with dimensions 4 × 4 × 20 nm3. The value of
exchange stiffness constants and saturation magnetizations used
in the simulation are ANiFe = 1.3 × 10−6 erg/cm, MNiFe = 800
emu/cc for NiFe, and ACoFe = 3 × 10−6 erg/cm, MCoFe = 1800
emu/cc for CoFe. The damping coefficients αNiFe = 0.008 for
NiFe and αCoFe = 0.01 for CoFe are used during the dynamic
simulations.The value of gyromagnetic ratio γ = 18.5 MHz/Oe
and the magnetocrystalline anisotropy K = 0 are considered for
both the materials, while the exchange stiffness constant at the
interface between NiFe and CoFe is found to be AExch = 2.1 ×
10−6 erg/cm after a number of test simulations and comparison
between the simulated and experimental data. This ensures a
strong interface exchange interaction between CoFe and NiFe,
which may enhance the dipolar coupling. The dynamic
simulations were performed by first obtaining a static magnetic

configuration under a bias field in the experimental geometry
and then by applying a pulsed magnetic field. The details of the
static and dynamic simulations are described in detail
elsewhere.31 Micromagnetic simulations reproduced the
experimental data qualitatively as shown by the filled symbols
in Figure 2a,b, although the precise values of the SW
frequencies are not always reproduced. This is expected due
to the deviation of the simulated samples and conditions from
the experimental samples and conditions. In general, the
deviation in the dimensions as observed in the experimental
samples are incorporated in the simulated samples, but the
precise edge roughness profiles are not possible to include in
the finite difference method-based micromagnetic simulations
used here, where the samples are divided into rectangular
prismlike cells. Also, the simulated arrays are much smaller (5 ×
5 antidots or filled antidots) than the experimental samples (up
to 250 × 50 antidots or filled antidots) due to the limitations in
the computational resources. To understand the origin of
various SW modes as observed both experimentally and in the
simulation, we further simulated the power and phase maps of
those SW modes by using a home-built code.32 Figure 3a,b

shows the phase profiles of the SW modes of S1 and S2,
respectively, at Hext = 1 kOe, while the power profiles for all
these modes are shown in the Supporting Information (Figure
2S). On the one hand, it is clear from the power and phase
maps that for both S1 and S2, the lowest frequency mode that
is, mode 1, is extended along y-direction with quantization
number m = 0, which corresponds to Damon Eshbach (DE)
mode at the center of the first Brillouin zone (BZ); that is,
wave-vector k = 0. On the other hand, along x-direction this
mode corresponds to the standing SW mode in the backward
volume (BV) geometry33 with quantization number n = 3.
However, for both the shapes the higher frequency modes are
more complicated and quantized modes with different
quantization numbers due to the formation of standing waves
in the BV geometry between two neighboring antidots are
observed. In case of S1, modes 2 and 3 correspond to the BV-
like standing SW modes with quantization numbers n = 9 and
13, respectively, whereas for S2, modes 2, 3, and 4 also
correspond to the BV-like standing SW modes with
quantization numbers n = 7, 9, and 13, respectively. The BV-
like standing wave modes with n = 1 and edge-localized modes
near the antidot edges observed in some antidots with different
dimensions in some previous literature11 are not observed with

Figure 3. Simulated SW mode profiles (phase maps) of (a) S1 and (b)
S2 with bias field Hext = 1 kOe applied at ϕ = 0° along with the color
scales for the phase maps and the schematic of the external applied
field (Hext) at the right corner of the figure.
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detectable powers in the experimental spectra, while their
powers in the simulated spectra are also extremely low and
hence are not discussed here. Mandal et al.33 also reported the
observation of only BV-like modes with n = 3 and above and
absence of n = 1 mode and edge-localized mode in antidot
lattices of similar dimensions studied in this paper, supporting
our present results.
The power profiles of all the SW modes for filled ADLs with

both the shapes at Hext = 1 kOe are shown in Figure 4a,b. It is

observed that the lower frequency modes for S3 and S4 (mode
1 for S3 and modes 1 and 2 for S4) are mainly confined along
the NiFe-filled CoFe channel, and as the mode number
increases the power of the SW modes gradually gets transferred
into the CoFe channels between the NiFe-filled regions for
both the shapes. Figure 5a,b shows the phase profiles of filled
ADLs (S3 and S4) at bias field Hext = 1 kOe applied at ϕ = 0°.
The mode profiles of all the modes change significantly in filled
ADLs for both the shapes with comparison to unfilled ADLs.
The phase maps of the SW modes for S3 in Figure 5a reveal
that the lower frequency modes, that is, modes 1 and 2, are
extended modes in DE geometry in the CoFe channels,
whereas within the NiFe-filled regions they form BV-like
standing SW modes with quantization numbers n′ = 3 and 5,
respectively. The higher frequency mode, that is, mode 3, is
again a quantized mode in the BV geometry in both CoFe and
NiFe-filled regions with quantization numbers n (CoFe) = 5
and n′ (NiFe) = 7. The SW mode profiles change drastically in
S4 as opposed to S3 as shown in Figure 5b. Here, for S4, modes
1 and 2 are extended modes in DE geometry in the CoFe
channels, while they form quantized BV-like modes in NiFe-
filled regions with same quantization number n′ = 3, but the
modes are out-of-phase with each other. Similarly, modes 3 and
4 are also out-of-phase with each other and form BV-like modes
with n = 3 and n′ = 5 in the CoFe and NiFe-filled regions,
respectively. Significantly, mode 5 is an extended mode in the
DE geometry in the CoFe channel, while it is quantized in BV
geometry in the NiFe-filled region with n′ = 5. Modes 6 and 7

are quantized modes in BV geometry in both CoFe and NiFe-
filled regions with quantization numbers n = 5, 7 and n′ = 7, 9,
respectively.
To understand the origin of the differences in the SW spectra

between the filled and unfilled ADLs of both circular and
square shapes we calculated the magnetostatic field distribu-
tions for these arrays, as shown in Figure 6a,b. It is clearly
observed from Figure 6a that the demagnetized regions as well
as magnetostatic field distributions around S1 and S2 are
symmetrical, but in case of S2 the magnetostatic interaction is
stronger due to the presence of the corners. It is evident from
Figure 6b that the volumes of the demagnetization regions in
the S3 and S4 are reduced as opposed to the S1 and S2, and
this behavior is more prominent in the circular shape as
opposed to the square shape. Linescans of the simulated
magnetostatic fields for circular and square-shaped unfilled
ADLs and filled ADLs along the horizontal dashed lines drawn
in Figure 6a,b are shown in the Figure 6c. The magnified views
(green dotted box) of the internal field in CoFe channel for all
four samples are shown in Figure 6d. The internal field strength
and its distribution in the CoFe channel have clearly improved
in S3 and S4 as opposed to its unfilled counterparts (S1 and
S2) due to the strong interaction between the two constituent
materials of the filled ADLs at the interface. The internal field at
the center of the CoFe channel has increased by ∼70 Oe for
the circular shape and ∼140 Oe for the square shape. In
addition, the variation in the shape (circular and square) of the
filled regions further modifies the demagnetizing regions and
the ensuing internal field as well as the magnetostatic
interaction between the neighboring NiFe-filled regions as
shown in Figure 6e. Figure 6f shows that the internal field in
the CoFe channel (green dotted box) in S3 is greater by ∼60
Oe in comparison with that for S4. However, in the NiFe-filled
region (red dotted box) the internal field in S4 is greater by a
whopping 760 Oe as opposed to S3 due to the shape effect as
shown in Figure 6g. The above variations in the total internal
magnetic fields in the CoFe channels and NiFe-filled regions

Figure 4. Simulated spatial distributions of power corresponding to
different resonant modes for (a) S3 and (b) S4 with bias field Hext = 1
kOe applied at ϕ = 0°. The color map for the power distributions and
the schematic of the external applied field (Hext) are shown at the right
corner of the figure.

Figure 5. Simulated spatial distributions of phase corresponding to
different resonant modes for (a) S3 and (b) S4 with bias field Hext = 1
kOe applied at ϕ = 0°. The color map for the phase distributions and
the schematic of the external applied field (Hext) are shown at the right
corner of the figure.
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are responsible for the observed variations in the SW spectra
and also in the mode frequencies and mode profiles.
We further calculated demagnetizing field distributions for

the unfilled and filled ADLs, and the phase plots of the above
fields are shown in Figure 7a,b. Figure 7b shows that for both
shapes, the demagnetizing field in the NiFe-filled region is
opposite to that in the CoFe region. In the NiFe-filled regions

demagnetizing field is parallel to the applied bias field, but in
the CoFe regions, it is antiparallel. Even then, because of the
much smaller value of saturation magnetization in NiFe as
opposed to CoFe, the total internal field in the NiFe-filled
region is less than that in the CoFe regions as shown in Figure
6c. As a result, the lowest frequency mode is confined within
the NiFe-filled regions, and the higher frequency modes are
quantized in both NiFe-filled as well as CoFe regions for both
the shapes.
Our claim of possible increase of spin wave propagation

velocity due to the achievement of exchange coupling between
CoFe and NiFe in the BMCs could not be demonstrated
experimentally in this paper. The SW propagation velocity can
be found by measuring the frequency versus wave-vector
dispersion using Brillouin light scattering. It may also be
measured by FMR in the transmission geometry using an
excitation antenna and detection using inductive coupling. All
these require either new technique and/or a more involved and
time-taking sample fabrication method, which is beyond the
scope of this paper. In this manuscript, we used broadband
FMR technique to study the uniform precessional mode (k =
0) and standing SW spectra. However, using micromagnetic
simulations, we showed (see supplementary movies M1−M4)
that the velocity of the spin wave increases significantly in case
of the BMCs (S3 and S4) as opposed to the CoFe ADLs (S1
and S2). A local line excitation at the center of the stripelike
simulated samples propagate nearly 3 times faster in S3 and S4
as opposed to S1 and S2.

■ CONCLUSIONS

We have fabricated arrays of circular and square-shaped NiFe-
filled CoFe ADLs and unfilled CoFe ADLs with nominal width

Figure 6. Contour plots of the simulated magnetostatic field distributions from the 2 × 2 elements at the center of the array (5 × 5 elements) in (a)
S1 and S2 and (b) S3 and S4 with bias field Hext = 1 kOe applied at ϕ = 0°. The color map for the magnetostatic field distributions and the schematic
of the external applied field (Hext) are shown at the top of the figure. (c) Linescans of the simulated magnetostatic field distributions in unfilled ADLs
(S1 and S2) and filled ADLs (S3 and S4) taken along the dotted lines from (a, b) are shown for (c) whole lattices and (d) CoFe channels around the
marked region in (c). Comparison of the simulated magnetostatic field distributions in S3 and S4 is shown in (e) taken along the dotted lines from
(b) in the two marked regions, i.e., in the (f) CoFe channel and (g) the NiFe-filled regions.

Figure 7. Simulated demagnetization field distributions in (a) unfilled
ADLs (S1 and S2) and (b) filled ADLs (S3 and S4) with bias field Hext
= 1 kOe applied at ϕ = 0°. The color map and the schematic of the
external applied field (Hext) are shown at the top of the figure.
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of 400 nm and nominal edge-to-edge separation of 600 nm,
arranged in square lattice symmetry by using a combination of
electron beam lithography, electron beam evaporation, and ion
milling technique. We have investigated the SW spectra of these
samples by varying the bias magnetic field and element shape
using broadband FMR spectroscopy. A remarkable difference in
the SW spectra between the filled and unfilled ADLs is
observed for both the shapes. An asymmetry in the dispersion
of SW frequency with bias field is observed in the filled ADLs
with both circular and square shapes as opposed to their
unfilled counterparts, with a minimum in the frequency
occurring at a negative bias field, confirming the presence of
interelement exchange interaction at the NiFe and CoFe
interface. For the circular shaped filled ADL, the SW spectra
show three distinct modes similar to the corresponding unfilled
ADL. However, unlike in the unfilled ADL, here we observe a
decrease in the frequency gap between the two lowest modes
(modes 1 and 2) down to a bias field of 0.75 kOe, below which
the gap increases. A further change occurs with the element
shape. While the unfilled square-shaped ADL shows four
modes, the corresponding filled ADL shows seven modes in the
SW spectra. The interelement exchange field value at the
interface is greater in the square-shaped filled ADL (−190 Oe)
as opposed to that in the circular-shaped filled ADL (−150 Oe)
probably due to a better quality interface between NiFe and
CoFe in the former. In addition, for square-shaped filled ADL a
gradual increase in the frequency gap between the two lowest
modes (modes 1 and 2) is also observed below a bias field of
0.9 kOe. Micromagnetic simulations qualitatively reproduced
the observed SW dynamics, and the simulated SW mode
profiles show a significant variation between the filled and
unfilled ADLs as well as with the shape of the antidots (NiFe-
filled regions). For filled ADLs with both the shapes, the
lowest-lying SW modes are extended DE-like modes in CoFe
channel and BV-like standing waves in the NiFe-filled region.
The higher frequency modes are the quantized BV-like modes
in both CoFe and NiFe-filled regions with different mode
quantization numbers. Simulations show a significant difference
in the magnetostatic field distributions for both circular and
square-shaped filled ADLs as opposed to their unfilled
counterparts. The demagnetization region in filled ADL is
modified due to change in the element shape, and as a result,
the total internal field in the square-shaped filled NiFe regions
is larger as compared to the circular-shaped filled NiFe regions.
Finally, the demagnetizing fields in the CoFe and NiFe
channels are opposite to each other, which gives rise to a
significant modification of the SWs in these samples. The
observed tunability of SW spectra by filling the ferromagnetic
antidots with another ferromagnetic material and the
modification of the exchange coupling between the two
materials at the interface opens the possibility of development
of rich class of magnonic and magnetoelectronic devices.
Finally the fabrication method developed for preparing the
arrays of embedded magnetic nanostructures can easily be
applied to develop other types of artificial crystals such as
photonic, phononic and, plasmonic crystals.
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