APPLIED PHYSICS LETTERS 94, 083112 (2009)

Observation of frequency band gaps in a one-dimensional nanostructured

magnonic crystal

Z.K.Wang,' V. L. Zhang,' H. S. Lim,' S. C. Ng," M. H. Kuok,"? S. Jain,? and

A. O. Adeyeye®®

lDepartment of Physics, National University of Singapore, Singapore 117542, Singapore
2Departmenl of Electrical and Computer Engineering, National University of Singapore,

Singapore 117576, Singapore

(Received 30 January 2009; accepted 8 February 2009; published online 27 February 2009)

We report the experimental observation of band gaps in a synthetic nanostructured magnonic crystal
composed of two different magnetic materials. The sample, in the form of a one-dimensional
periodic array comprising alternating Permalloy and cobalt nanostripes, has been fabricated using
advanced lithographic techniques. Dispersion relations of spin waves in the magnonic crystal have
been mapped by Brillouin spectroscopy. The center frequency and width of the band gaps observed
are tunable by an applied magnetic field. Dispersion relations calculated based on the finite element
method accord with the measured data. © 2009 American Institute of Physics.

[DOTI: 10.1063/1.3089839]

A photonic crystal is a periodic composite of materials
with different dielectric constants. Analogously, a synthetic
magnonic crystal can be considered as a periodic composite
composed of different magnetic materials. While photonic
crystals are a well known class of materials,’ relatively little
is known about magnonic ones. This is not surprising as
magnonic crystals only started to attract considerable atten-
tion a few years ago.z_7 Like photonic crystals, magnonic
ones are expected to possess special and interesting proper-
ties arising from their frequency band gaps. Magnonic crys-
tals form the basis of magnonics, an emerging field, which
aims to control the generation and propagation of
information-carrying spin waves by means analogous to the
control of light in photonic crystals. Hence, synthetic mag-
nonic crystals are expected to show great promise in wide-
ranging applications such as in magnetoelectronic devices.”
Puszkarski and Krawczykz’3 have theoretically established
that the spin wave frequency band gaps, in a two-material
magnonic crystal, depend on the spontaneous magnetization
contrast and the exchange contrast. Previous experimental
studies reported were performed on periodic structures com-
posed of only one constituent magnetic material. They in-
clude micron-size shallow grooves etched on yttrium iron
garnet (YIG) films,® two-dimensional array of micron-size
holes etched on YIG films,”'® and one-dimensional (1D) ar-
rays of micron-size metal stripes on YIG films."' In these
investigations, highly attenuated frequency bands were ob-
served using the microwave technique.

Spin waves in 1D periodic arrays of noncontacting Per-
malloy nanostripes were recently investigated by Gubbiotti
et al."* and Kostylev et al.,” with the latter group reporting
the observation of partial frequency band gaps. In these mag-
netic systems, no spin precession exists within the interven-
ing air gaps in these arrays. As the edge-to-edge spacing
between neighboring stripes in these systems was 55 nm,
which is much larger than the exchange length (~5 nm) for
Permalloy, the stripes are exchange decoupled. What both
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groups observed were collective spin waves arising from the
closely spaced interacting stripes. Additionally, when the air
gaps in these arrays are wider than the dipolar interaction
range, the collective mode behavior ceases to exist and the
observed modes are then confined within each individual iso-
lated stripe.

Our work is motivated by the search for a synthetic
nanostructured crystal, comprising more than one magnetic
material, which exhibits a magnonic band gap within which
no spin waves can propagate. It has been theoretically pre-
dicted that,z’3 in general, the more contrasting the magnetic
properties of the constituent materials of a magnonic crystal
are, the wider would be its band gap, a property that can be
exploited to facilitate detection of band gaps. For this reason,
we chose cobalt and Permalloy as fabrication materials, as
the saturation magnetization and exchange constant of the
former are about twice those of the latter.

We have designed and fabricated a 1D magnonic crystal
in the form of a periodic array comprising alternating con-
tacting cobalt and Permalloy nanostripes. Unlike previously
studied arrays of only one constituent magnetic material,
spin precession exists throughout the entire length of our
array, and thus spin waves can propagate across its entire
length, regardless of the width of the stripes. Also, the choice
of a second magnetic material in our type of magnonic crys-
tals affords a greater versatility in the tailoring of the band
structure (the gap width and/or center frequency). Brillouin
light scattering (BLS), an excellent investigative tool for
probing spin waves in nanostructures,'> "> was employed to
map the dispersion relations of the spin waves in this struc-
ture.

Most of the experimental work on periodic magnetic
structures reported to date are based on magnetostatically
coupled 1D nanowires of the same magnetic material'>"* or
modulated YIG films.® Our structure was fabricated on oxi-
dized Si(001) substrate using high-resolution multilevel elec-
tron beam lithography, deposition, and lift-off processes. The
first nanostripe array was defined on polymethyl methacry-
late (PMMA) resist. This was followed by electron beam
deposition and lift-off of a 30-nm-thick NigyFe,, (Py) film.
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FIG. 1. (Color online) (a) SEM image of a magnonic crystal in the form of
a 1D periodic array of 30-nm-thick Permalloy and cobalt nanostripes, each
of width 250 nm. Coordinate system showing directions of applied magnetic
field H and magnon wave vector ¢. (b) Brillouin spectra (H=0) recorded at
various BZ boundaries. The shaded regions represent frequency band gaps.
All spectra were fitted with Lorentzian functions (dashed curves), and the
resultant fitted spectra are shown as solid curves.

For the fabrication of the second nanostripe array, another
layer of PMMA resist was deposited. High-resolution elec-
tron beam lithography with precise alignment was then used
to define the position of the second nanostripe array. Subse-
quently, a 30-nm-thick cobalt film was deposited. The stripes
of the resulting nanostructured arrays are very well-aligned
as evidenced by the representative scanning electron micro-
scope image shown in Fig. 1(a). As adjacent stripes are in
direct physical contact, they are exchange coupled together.

A crystal with a period (lattice constant) a=500 nm and
stripe width of 250 nm was fabricated. All stripes have a
length of 100 microns and a thickness of 30 nm, and the
length of the array is 100 microns. For brevity, the sample
will be referred to as 250 nm Co/250 nm Py. The periodicity
of the crystal was chosen so that, for the experimentally ac-
cessible spin wave vectors, the dispersion spectrum can be
measured up to the fourth Brillouin zone (BZ).

BLS measurements were performed in the 180°-
backscattering geometry and in p-s polarization using a
6-pass tandem Fabry—Pérot interferometer, and the A\
=514.5 nm radiation of an argon-ion laser for excitation.
Prior to the start of an experiment, each sample was saturated
in a 1 T field directed parallel to the z-axis [see Fig. 1(a)]. In
magnetic field dependence experiments, the applied static
field H was generated with a computer-controlled electro-
magnet. By varying the laser light incidence angle 6, the
dispersion relations were mapped across BZs, i.e., over the
range of the magnon wave vector g(=4 sin 6/\) from zero
up to as high as 47/a.

Representative Brillouin spectra (H=0) of the sample,
recorded at various BZ boundaries, are presented in Fig.
1(b). The frequencies of the three observed peaks, obtained
from a fit with Lorentzian functions, were plotted as a func-
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FIG. 2. (Color online) Measured dispersion relations (H=0), featuring band
gap structures, of spin waves in the 250 nm Co/250 nm Py magnonic crystal
with lattice constant a=500 nm. Experimental data are denoted by symbols.
The first and second frequency band gaps are represented by shaded bands.
The BZ boundaries (g=nr/a) are represented by dashed lines.

tion of magnon wave vector and displayed in Fig. 2. The
periodic character of the three dispersion branches, measured
up to the fourth BZ, is evident from the figure. Another no-
table feature of the dispersion spectrum is the two direct
energy band gaps. The widths of the first and second band
gaps were measured to be 2.1 and 1.2 GHz respectively.

The behavior of the magnonic band structures under a
magnetic field was also investigated. The band structure of
the 250 nm Co/250 nm Py sample measured at H
=0.2 T/py is presented in Fig. 3(a). Figure 3 reveals that
under the application of a magnetic field, the entire band
structure is shifted up in frequency, while both the band gaps
become narrower. In the case of the first gap, its center fre-
quency increases from 9.4 to 32.6 GHz when the field is
raised from H=0 to 0.7 T/, [see Fig. 3(c)]. In contrast, its
width decreases from 2.1 to 0.6 GHz [see Fig. 3(d)].

Calculations of the dispersion relation were carried out
as follows: The magnetic stripes are treated as being infi-
nitely long in the z-direction [see Fig. 1(a)]. Linearization of
the Landau-Lifshitz equation gives

M,V (r)

ime(r)+(V-QV)my(r)—my(r)—E PR 0, (1)

and

%&‘P(r)_
H dx

where Q=w/(yuoH), Q=2A/(M uyH), A is the exchange
constant, M, the saturation magnetization, y the gyromag-
netic ratio, H the applied magnetic field, m, and m, the com-
ponents of the dynamic magnetization m, w the spin wave
angular frequency, and r the three-dimensional position vec-
tor. The magnetic potential W(r), within the magnetic mate-
rials, is given by

= (V- OV)m(r) + m(r) +iQm,(r) + 0, (2)

am,(r) . am, (r)

VAW (r) =
(r) o

3)
while outside the materials, it satisfies the Laplace equation.

For simplicity, the surface anisotropy and interface ex-
change coupling are neglected so that, at the interface be-
tween the cobalt and Permalloy stripes, the exchange bound-
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FIG. 3. (Color online) Measured and calculated magnonic band structures of
250 nm Co/250 nm Py magnonic crystal in (a) H=0.2 T/, and (b) H=0.
The BZ boundaries, corresponding to a=500 nm, are marked by dashed
lines. Dependence of (c) center frequency, and (d) width of the first band
gap on applied magnetic field. Measured and calculated data are represented
by symbols and curves respectively.

ary conditions require the continuity of the magnetization m
and (A/M,)(dm/ ax).V7 Magnetostatic boundary conditions
also require that W(r) and the normal component of the mag-
netic induction be continuous across interfaces between two
media. As the propagating spin waves are modulated by the
periodicity of the magnonic crystal, the Bloch-Floquet theo-
rem can be applied to give m(x+a)=m(x)exp(iga). Thus,
only a unit cell of the repeating structure needs to be consid-
ered and with periodic boundary conditions imposed. Finally,
Egs. (1)—(3), with the above-stated interface and surface
boundary conditions, are numerically solved using the finite
element method (FLEXPDE package)'® to yield the dispersion
relation w(g).

Separate BLS measurements were carried out on the ref-
erence 30-nm-thick cobalt and Permalloy films. Least-
squares fitting to the measured data yielded the magnetic
parameters M =1.15X 10° A/m, A=2.88 X 10~"" J/m, and
v=198.8 GHz/T for cobalt, and M,=6.58X10° A/m, A
=1.11x107!"" J/m, and y=190.5 GHz/T for Permalloy.
These parameters were then used to evaluate the dispersion
relations. The calculated spin wave dispersion spectra for
H=0.2 T/uy and 0, are presented in Figs. 3(a) and 3(b),
while the calculated magnetic field dependence of the gap
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parameters is presented in Figs. 3(c) and 3(d). Figure 3 re-
veals that calculations accord fairly well with experimental
data, showing that the theoretical treatment captures the
magnetic field dependent features of the Brillouin data. The
quantitative discrepancy is partly attributed to the nonconsid-
eration of the interface/surface anisotropy and the interface
exchange coupling between adjacent contacting stripes.

In summary, we have designed and fabricated a mag-
nonic crystal in the form of 1D periodic arrays of alternating
contacting stripes of different magnetic materials (cobalt and
Permalloy), and have mapped its complete dispersion rela-
tions. The experimental establishment of the existence of
magnonic band gaps in such a structure is expected to stimu-
late further development of the theory and applications of
magnonics, an emerging field which holds enormous poten-
tial. Additionally, our magnonic crystal was found to exhibit
band gap tunability, an important property which could find
applications in the control of the generation and propagation
of information-carrying spin waves in devices based on these
crystals. Filters and waveguides, in which spin waves are
generated by microwave techniques for use in microwave
communication systems, are possible examples of such de-
vices. The observed Brillouin peaks are generally sharp, sug-
gesting that the spin waves are weakly attenuated as they
propagate through the magnonic crystal. Hence, any loss in
devices based on this structure is expected to be small.
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