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hile extensive research has been

undertaken on photonic

crystals,’? information on their
analogue, magnonic crystals is relatively
scarce.3 '8 Frequency bandgaps, which are
an intrinsic property of magnonic crystals,
control how magnons (quantized spin
waves) move through these crystals. In-
deed, these crystals form the basis of mag-
nonics, a nascent field which aims to control
the generation and propagation of
information-carrying magnons in a way
analogous to the control of photons in pho-
tonic crystals. It is anticipated that mag-
nonic crystals will have wide-ranging appli-
cations such as in magnetoelectronic
devices'® and magnonic waveguides.! Tun-
ability of the frequency bandgap of mag-
nonic crystals would be essential to the
functioning of devices based on such crys-
tals. We recently have investigated the
magnetic-field tunability of a magnonic
crystal in the form of a one-dimensional
(1D) periodic array comprising nanostripes
of alternating magnetic materials.

Prior to our recent study of a bicompo-
nent magnonic crystal,® bandgap experi-
ments were confined to structures com-
posed of only one constituent magnetic
material.'®"22 The presence of a second
magnetic material in our magnonic crystals
provides another parameter with which to
customize their band structure, for example
the gap width and center frequency.

It has been predicted that, in general,
the more contrasting the magnetic proper-
ties of the constituent materials of a mag-
nonic crystal are, the wider would be its
bandgap.>® Because we wanted well-
defined bandgaps, cobalt and permalloy
(NigoFe,o) were selected as fabrication mate-
rials, as the saturation magnetization and
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ABSTRACT Just as a photonic crystal is a periodic composite composed of materials with different dielectric
constants, its lesser known magnetic analogue, the magnonic crystal can be considered as a periodic composite
comprising different magnetic materials. Magnonic crystals are excellent candidates for the fabrication of
nanoscale microwave devices, as the wavelengths of magnons in magnonic crystals are orders of magnitude
shorter than those of photons, of the same frequency, in photonic crystals. Using advanced electron beam
lithographic techniques, we have fabricated a series of novel bicomponent magnonic crystals which exhibit well-
defined frequency bandgaps. They are in the form of laterally patterned periodic arrays of alternating cobalt and
permalloy stripes of various widths ranging from 150 to 500 nm. Investigations by Brillouin light scattering and
computer modeling show that the dispersion spectrum of these crystals is strongly dependent on their structural
dimensions. For instance, their first frequency bandgap is found to vary over a wide range of 1.4—2.6 gigahertz.
Such a functionality permits the tailoring of the bandgap structure which controls the transmission of information-
carrying spin waves in devices based on these crystals. Additionally, it is observed that the bandgap width
decreases with increasing permalloy stripe width, but increases with increasing cobalt stripe width, and that the
bandgap center frequency is more dependent on the stripe width of permalloy than that of cobalt. This
information would be of value in the design of magnonic crystals for potential applications in the emerging field

of magnonics.
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frequency

exchange constant of the former are about
twice those of the latter. Ideally, magnonic
crystals are to be engineered so that their
bandgap can be tunable by, for example,
changing their structural periodicity (lattice
constant) or by the application of a mag-
netic field.> Bandgap tunability in devices
based on these crystals will facilitate the
control of the propagation of spin waves
which act as information carriers.

Here we report on a study of the size
tunability of a series of magnonic crystals
in the form of laterally patterned periodic
arrays of alternating contacting permalloy
and cobalt nanostripes. Their magnon dis-
persions were mapped by Brillouin light
scattering, a powerful nondestructive non-
contact probe of spin waves in
nanostructures.??~?’ Dependences of the
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first magnonic bandgaps on the structural dimensions
of the samples were measured as well as simulated by
computer modeling.

RESULTS AND DISCUSSION

A novel method was employed for synthesizing the
magnonic structures on an oxidized Si(001) substrate.
Details of the fabrication process which is based on ad-
vanced lithographic techniques, briefly outlined in ref
3, are presented in this paper. A nanostripe array was
first defined on a polymethyl methacrylate (PMMA) re-
sist. This was followed by electron beam deposition and
lift-off of a 30 nm-thick permalloy (NigoFeyo) film, with
the base pressure and deposition rate maintained at ap-
proximately 3 X 1077 torr and 0.12 A/s, respectively.
The second nanostripe array was formed by first coat-
ing another layer of PMMA resist on the silicon sub-
strate. The position of this array was defined using high-
resolution electron beam lithography. A 30 nm-thick
cobalt film was then deposited at a rate of 0.18 A/s.
Scanning electron microscope images of the resulting
nanostructured array reveal that its alternating cobalt
and permalloy stripes are very well-aligned.

A total of eleven crystals with periods (lattice con-
stants) a = 300, 400, 500, 550, 600, 650, and 750 nm
and stripe widths of 150, 250, 350, 400, and 500 nm
were synthesized in this way. All stripes have a length
of 100 wm and a thickness of 30 nm, and the length of
each array is 100 wm. A crystal with respective cobalt
and permalloy (Py) stripe widths of M and N nm will
hereafter be referred to as MnmCo/NnmPy. In design-
ing our crystals, their periodicities were chosen so that,
for the experimentally accessible spin wave wavevec-
tors, their dispersion spectra can be measured across at
least a complete Brillouin zone (BZ). For instance, the
dispersion spectrum of the 150nmCo/250nmPy sample
is measurable up to its third BZ.

All Brillouin spectra were recorded in the 180°-
backscattering geometry and in p—s polarization using
a six-pass tandem Fabry—Perot interferometer
equipped with a silicon avalanche diode detector. The
spectra were excited with 80 mW of the A = 514.5 nm
radiation of an argon-ion laser. Prior to the start of an
experiment, each sample was saturated in a one-tesla
field H directed parallel to the z-axis as shown in Figure
1a. Magnon dispersion relations (H = 0 T) can be
mapped across Brillouin zones, that is, over magnon
wavevector range g (= 4 sin 6/\) from 0 to nm/a (n =
integer), by varying the laser light incidence angle 6.

Figure 1 panels b and c show typical Brillouin spec-
tra, those of the 150nmCo/250nmPy sample, recorded
at various magnon wavevectors. Each spectrum con-
tains up to three peaks due to spin wave modes, the fre-
quencies of which were obtained from a fit with Lorent-
zian functions. The frequencies of the modes are
plotted as a function of their wavevector in Figure 2a.
It shows the three dispersion branches of the resulting
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Figure 1. (a) Directions of applied magnetic field H for satu-
ration of samples and magnon wavevector q relative to ori-
entation of their nanostripes. (b) Brillouin spectra (H = 0) of
150nmCo/250nmPy crystal recorded at various Brillouin
zone boundaries (g = nmw/a). (c) Brillouin spectra (H = 0) re-
corded within various Brillouin zones. All spectra were fitted
with Lorentzian functions (dashed curves), and the result-
ant fitted spectra are shown as solid curves.

periodic dispersion relations for spin waves in the
sample, measured up to the third BZ. The magnonic dis-
persion spectrum features two direct frequency band-
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Figure 2. Measured dispersion relations, featuring bandgap
structures, of spin waves in (a) 150nmCo/250nmPy, and (b)
250nmCo/250nmPy magnonic crystals, with respective lat-
tice constants a; = 400 nm and a, = 500 nm. Experimental
data are denoted by symbols. The first and second frequency
bandgaps are represented by shaded bands, while the Bril-
louin zone boundaries (g = nm/a) are denoted by dashed
lines.
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Figure 3. (a) Brillouin spectra of the 150nmCo/350nmPy, 250nmCo/250nmPy and 350nmCo/150nmPy samples recorded at
the first Brillouin zone boundary g = m/a (lattice constant a = 500 nm). (b) Measured values of the first bandgap widths and
center frequencies, in GHz, of the 11 magnonic crystals studied.

gaps, with the first and second bandgap widths being
1.5 and 1.1 GHz, respectively. The dispersion spectra of
the samples are modified by the sizes of their compo-
nent stripes. For example, the dispersion relations for
spin waves in the 250nmCo/250nmPy crystal, depicted
in Figure 2b, show that its first and second bandgaps of
2.1 and 1.2 GHz are respectively wider than those of
the 150nmCo/250nmPy one.

A notable spectral intensity pattern of the three Bril-
louin peaks was observed over the various BZs, as illus-
trated in Figure 1c for 150nmCo/250nmPy. The three
spectra shown were each recorded for the same scan-
ning duration. The maximal intensity of the lowest-
energy peak lies within the first BZ, while those of the
second and third lowest-energy peaks lie within the
second and third BZs, respectively. This is theoretically
expected as the Brillouin light scattering processes for
peaks measured within their respective BZs are normal
processes which do not involve the reciprocal lattice
vector G (G = n2/a, n is an integer).?® In contrast, mea-
surements of peaks made outside of their respective
BZs (e.g., the lowest-energy peak measured outside of
the first BZ) entail the Umklapp process which involves
G.2® Hence, these peaks appear with lower intensity as
this process involves an additional quasiparticle of mo-
mentum hG, where 27h = Planck constant. However, in
the neighborhood of each Brillouin zone boundary,
the intensities of the peaks arising from the same mode,
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within and outside their respective BZs, are about the
same within experimental error.

Representative Brillouin spectra, those of samples
with @ = 500 nm, recorded at the first BZ boundary,
are displayed in Figure 3a. They contain peaks, due to
the two lowest-energy spin wave modes, the separa-
tion of which corresponds to the first bandgap width.
The measured widths and center frequencies of the first
bandgap of the eleven magnonic samples studied are
presented in Figure 3b. It reveals that the values of the
center frequencies lie between 7.3 GHz (150nmCo/
500nmPy sample) and 10.4 GHz (150nmCo/150nmPy
sample). It is noteworthy that the gap widths vary over
a wide frequency range of 1.4—2.6 GHz, corresponding
to the respective values for the 150nmCo/500nmPy
and 500nmCo/250nmPy crystals.

Experimental data on the dependences of the first
magnonic bandgap on the structural dimensions of all
the samples investigated are summarized in Figure 4. It
is noteworthy that the bandgap width decreases with
increasing Py stripe width, but increases with increas-
ing Co stripe width (Figure 4b,d). Specifically, for a fixed
Py stripe width of 250 nm, as shown in Figure 4d, the
gap width varies from 1.5 GHz (150 nm-wide Co stripe)
to 2.6 GHz (500 nm-wide Co stripe), corresponding to a
73% increase. On the other hand for a constant Co
stripe width of 150 nm, Figure 4b reveals that the gap
width changes from 1.7 GHz (150 nm-wide Py stripe) to
1.4 GHz (500 nm-wide Py stripe), corresponding to a de-
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Figure 4. Dependences of first bandgap center frequencies and widths of magnonic crystals on (a, b) Py stripe width (Co
stripe width = 150 nm), (¢, d) Co stripe width (Py stripe width = 250 nm), and (e, f) Py stripe width (lattice constant = 500
nm). Experimental and theoretical data are represented by symbols and continuous lines, respectively.

crease of only 18%. In contrast with the gap width,
from Figure 4 panels a and ¢, it is evident that the cen-
ter frequency is more dependent on the stripe width of
permalloy than that of cobalt. Figure 4 panels e and fil-
lustrate how, for arrays with a common lattice con-
stant of 500 nm, their bandgap parameters depend on
the respective sizes of their component stripes. These
interesting observations warrant further theoretical
investigation.

Calculations of the first bandgap width and center
frequency were carried out using the following ap-
proach. The magnetic stripes were treated as being in-
finitely long in the z-direction (see Figure 1a). For zero
applied magnetic field, linearization of the
Landau—Lifshitz equation yields?®

iQm,(r) + (V-QV)m,(r) — MSM =0 (1
Iy
and
im(r) — (V-QV)m,(r) + MS% =0 (2)

where ) = w/(poy), Q = 2A/(oMs), A is the exchange
constant, M; the saturation magnetization, y the gyro-
magnetic ratio, m, and m, the components of the dy-
namical magnetization m, and o the spin wave angu-
lar frequency. Outside the stripes, the magnetic
potential W(r) satisfies the Laplace equation, while in-
side, the following equation holds
am(r)  am,(r)

2 _ 9 y
V() = o + oy (3)

The usual magnetostatic boundary conditions were
imposed. For simplicity, surface/interface energy anisot-
ropy was neglected. Hence, at the interfaces between
cobalt and permalloy stripes, the exchange boundary
conditions require the continuity of the magnetization
m and (A/M;)(dm/dx).3° As the propagating spin waves
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are modulated by the periodicity of the magnonic crys-
tal, the Bloch theorem yields m(x + a, y) =

m(x,y) expliga) and W(x + a,y) = W(xy) expliga), where
a is the lattice constant of the crystal. Solving eqs 1—3
numerically for g = m/a (BZ boundary) allows the evalu-
ation of the bandgap width and center frequency. The
evaluation was based on the magnetic parameters Mg =
1.15 X 106 A/m, A = 2.88 X 107" J/m, y = 198.8 GHz/T
for cobalt, and M, = 6.58 X 10° A/m, A = 1.11 X 107"
J/m, vy = 190.5 GHz/T for permalloy. These parameters
were obtained from least-squares fits to data derived
from Brillouin spectroscopic measurements of 30 nm-
thick cobalt and permalloy reference films. It should be
pointed out that only the magnetic parameters of the
reference cobalt and permalloy films were used in the
calculations. The computed dependences are pre-
sented in the Figure 4. Despite the simplicity of the
model employed, there is good general agreement be-
tween calculations and measurements. The quantitative
discrepancy could be a consequence of neglecting the
cobalt—permalloy interface exchange interaction and
surface/interface energy anisotropy in our model. How-
ever detailed information on them are currently not
available. Hence, the degree of surface/interface pin-
ning and the effect of interface exchange coupling re-
quire further investigation. Our Brillouin experiments
probed spin waves propagating along the one-
dimensional magnonic crystals, and not spin waves lo-
calized in any component nanostripe. The measured
magnon wavevectors g range from 0.04 X 107 to 2.3

X 10" m~', and whether the long-range dipole —dipole
interactions or the short-range exchange effects pre-
dominate depends on g. In general, dipole—dipole in-
teractions dominate over the exchange effects for g <
10’ m~', while exchange effects are dominant for g >
108 m™', and within the intermediate regime, the two
interactions are comparable.®'
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Figure 5. Schematic dispersion relation to illustrate the de-
pendence of bandgap center frequency on the respective
cobalt and permalloy stripe widths.

A simple qualitative explanation of the observed de-
pendence of the bandgap center parameters on the re-
spective widths of the Co and Py stripes is now pre-
sented. The black curve of the schematic diagram
(Figure 5) represents the dispersion of a reference Mn-
mCo/NnmPy sample. Since the saturation magnetiza-
tion M and exchange constant A of Co are about twice
those of Py, an increase in the Co stripe width by &
nm, with Py stripe width fixed, will increase the mean
values of M; and A of the (M + 8)nmCo/NnmPy sample,
resulting in an increase in magnon frequencies (red dis-
persion curve) relative to the reference sample (black
dispersion curve). On the other hand, an increase in the
Py stripe width by 8 nm, with Co stripe width fixed,
will decrease the mean values of M, and A of the Mnm-
Co/(N + 8)nmPy sample resulting in a decrease in mag-
non frequencies (green dispersion curve). It is to be
noted that an increase in either the Co or Py stripe
width would cause a reduction of the first BZ bound-
ary from m/a to w/(a + 3), where the lattice constant a
= M + N.The change in the bandgap center frequency
with change in stripe width depends on these two fac-
tors. In the case of increasing Py stripe width, the two
factors reinforce each other, resulting in a larger change
in center frequency, as shown in Figure 4a. However,
in the case of increasing the Co stripe width, the two
factors oppose each other, resulting in a smaller
change, in agreement with Figure 4c. Hence, the cen-
ter frequency is more dependent on the Py stripe width
than that of Co.

In general, the bandgap width will depend on the
relative magnetic contrasts of the constituent
materials,>® namely My(Co)/M,(Py) and A(Co)/A(Py), both

METHODS

Fabrication of Magnonic Crystals. The structures were fabricated
using high-resolution multilevel electron beam lithography
(EBL), deposition, and lift-off processes. A 120 nm-thick polyme-
thyl methacrylate (PMMA) EBL resist was first spin-coated on an
oxidized Si (001) wafer substrate. The substrate was baked at 180
°C for 90 s on a hot plate. The patterning of the first layer of
stripes was performed using a 75 kV lithography system (Elionix
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of which are of the order of two. Consider the refer-
ence magnonic crystal to be one where M = N = d, say.
In this case, its gap width ~ M,(Co)/M,(Py) = [dM(Co)]/
[dM,(Py)]. To see how the gap width varies with the Co
stripe width, we make a Taylor’s expansion, yielding a
gap width ~ (1 + 8/d)M(Co)/Ms(Py), where & is a small
increase in the Co stripe width. This shows the gap
width increases with increasing Co stripe width, in
agreement with measurements (see Figure 4d). On the
other hand, a widening of the Py stripe by 8, would re-
sult in a gap width ~ (1 — 8/d)M,(Co)/M,(Py), that is, the
gap width decreases with increasing Py stripe width,
as depicted in Figure 4b. Similar arguments can be ap-
plied to the exchange constant contrast A(Co)/A(Py) to
account for the observation that the bandgap width de-
creases with increasing Py stripe width, but increases
with increasing Co stripe width.

CONCLUSIONS

We have experimentally and theoretically investi-
gated the spin dynamics of novel bicomponent nano-
structured magnonic crystals which exhibit well-
defined frequency bandgaps. By individually varying
the widths of their permalloy and cobalt stripes, the
magnonic dispersion spectrum of the crystals studied
can be drastically modified. For instance, their first
bandgap could be varied over a wide frequency range
of 1.4—2.6 GHz. Such a functionality permits the tailor-
ing of the bandgap structure which controls the trans-
mission of information-carrying spin waves in devises
based on these crystals. Interestingly, the bandgap
width and center frequency exhibit contrasting de-
pendences on the respective permalloy and cobalt
stripe widths. Although our model did not take into ac-
count the surface/interface energy anisotropy and in-
terface exchange coupling, theory accords fairly well
with experimental Brillouin data. Our findings on the
dispersion spectrum and the dependence of the band-
gap structure on crystal dimensions should contribute
to the further development of the theory and applica-
tions of magnonics, a nascent field which holds great
promise in technologies such as microwave communi-
cations. Additionally, as the wavelengths of magnons in
magnonic crystals are orders of magnitude shorter
than those of photons, of the same frequency, in pho-
tonic crystals, magnonic crystals are excellent candi-
dates for the fabrication of nanoscale microwave
devices.

ELS 7700) with a resist dose of 768 wC/cm?. Appropriate align-
ment marks needed for the second stage of lithography process
were also patterned at this stage. After the exposure, the sub-
strate was developed in a 1:3 solution of methyl isobutyle ke-
tone (MIBK) and isopropyl alcohol (IPA). A 30 nm-thick NigoFeyo
film was then deposited at a rate of 0.12 A/s on the patterned
substrate in an electron beam deposition chamber with a base
pressure of 3 X 1077 torr. After the lift-off process in acetone, the

VOL. 4 = NO.2 = 643-648 = 2010

\NO

s

647



fabricated NigoFey stripes were examined under a JEOL JSM-
6700F field emission SEM. The alignment marks fabricated in
the first EBL stage were used in exposing the second set of
stripes in the gaps between neighboring NigoFe, stripes. The
fabrication process was then repeated for the deposition of 30
nm-thick cobalt stripes at a rate of 0.18 A/s, followed by a lift-
off process. The final samples were imaged in SEM, revealing that
they are one-dimensional magnonic crystals composed of alter-
nating NigoFe,o and cobalt stripes of various widths.

Brillouin Light Scattering. Brillouin spectra were measured using
a JRS Scientific Instruments (3 + 3)-pass tandem Fabry—Perot in-
terferometer, of finesse about 120, equipped with a PerkinElmer
SPCM-AQR-16 single photon-counting (silicon avalanche diode)
module. The free spectral range of the interferometer was typi-
cally set at 20 GHz. The 514.5 nm radiation of a Spectra Physics
2080—15S argon-ion laser, operating in single mode, was used
to excited the spectra, with a typical beam power of 80 mW inci-
dent on the samples. A continuous stream of pure argon gas
was directed at the irradiated spot on the sample surface to cool
it and to keep air away from it. All experiments were performed
in the 180°-backscattering geometry and in p—s polarization,
with the scattered light passing through a Glan—Thompson po-
larizing prism. By varying the incidence angle of the laser light,
the magnon dispersion relations were mapped across several
Brillouin zones.
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