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Tunable Picosecond Spin Dynamics in Two
Dimensional Ferromagnetic Nanodot Arrays
with Varying Lattice Symmetry

Susmita Saha?, Saswati Barman®, Satoshi Sugimoto *5, YoshiChika Otani *3, and

Anjan Barman®*

The in-plane configurational anisotropy of the frequency and nature of spin wave modes in two-
dimensional artificial Nig,Fe20 nanodot lattices arranged in closely packed rectangular, honeycomb and
octagonal lattices are demonstrated by time-resolved magneto-optical Kerr effect measurements. The
rectangular, honeycomb and octagonal lattices showed dominant two-fold, six-fold and eight-fold
variation of frequency superposed with a weak four-fold anisotropy for specific spin wave modes with
the variation of the azimuthal angle of the external bias magnetic field. Micromagnetic simulations
reveal that the observed anisotropy is due to the angular variation of the magnetostatic field
distribution and the ensuing spin wave mode profiles, which varies between arrays. The observations
are important for selecting building blocks for future magnetic data storage and magnonic crystals for
on-chip microwave communication and processing.
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Introduction

Magnonic crystals (MCs)'® are artificial crystals with periodic
modulation of magnetic properties where spin-waves (SWs) are
the transmission waves. MCs form magnonic minibands
consisting of allowed and forbidden SW frequencies and
corresponding magnonic bandgap. The SWs in MCs can be
controlled by changing its various physical and geometrical

10,11

parameters such as material’’, shape'®', size, lattice spacing'?

, lattice symmetry'*', as well as strength and orientation of the
external bias field'™'>. This tunability of MCs makes them a
potential candidate for on-chip microwave communication
devices and components, including magnonic waveguides'®,
filters'”, splitters, phase shifters!®, spin-wave emitters'®, as well
as for magnonic logic devices’*?'. In case of photonic crystals
it is reported?? that the anisotropy of photonic bandgap is
dependent on the symmetry of the photonic crystal lattices. As
the symmetry increases the Brillouin zone becomes more
circular, resulting in a complete band gap. The highest order
symmetry observed in a periodic lattice is six-fold, however,
higher levels of symmetry can be potentially achieved by using
complex geometries of quasicrystals®. Tt is well known that the
spin and orbital angular momentum is responsible for the
magnetic properties of solid. The violation of spin orbit angular
momentum with respect to the rotation of magnetization
direction leads to the concept of basic magnetic anisotropy. The
magnetization at the edges of a confined magnetic element
deviates from the external field direction to minimize the
These the
regions. average

known as
the
magnetization and the internal magnetic field changes with the

magnetic energies. regions are

demagnetized Consequently,
rotation of the azimuthal angle of the external bias field. This is
known as intrinsic configurational anisotropy®***. The effective
magnetic field inside an element within an array is modified
due to the stray field from the neighbouring elements. The
tailoring of this field by rotating the bias field angle with
respect the symmetry axes of the array leads to the occurrence
of extrinsic configurational anisotropy'”.

It is already reported'® that lattice symmetry of two-
dimensional nanodot arrays plays a significant role in their spin
wave spectra. The single uniform collective mode in a square
lattice splits into two modes in the rectangular lattice and into
three modes in both the hexagonal and octagonal lattices.
However, in the honeycomb lattice a broad band of modes is
observed. This is due to a large variation of the stray field
causing the inter-dot interaction. For such systems rotation of
the azimuthal angle of the external bias field may lead to
interesting extrinsic configurational anisotropy in the collective
magnetization dynamics according to the lattice arrangements.
Here, we investigate the above possible configurational
anisotropy in circular nanodot arrays arranged in rectangular,
honeycomb and octagonal lattices. We previously reported that
the square and hexagonal lattices exhibit a four-fold*® and a six-

14,27

fold configurational anisotropy "°', respectively. Here, we

2| J. Name., 2012, 00, 1-3

show that for the rectangular, honeycomb and octagonal lattices
the most intense peak shows primarily two-fold, six-fold and
eight-fold anisotropies superposed with a relatively weak four-
fold anisotropy due to the shape of the boundary of the arrays.
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Figure 1. (a) Typical experimental time-resolved Kerr rotation
data from the octagonal lattice at H = 1.3 kOe revealing
ultrafast demagnetization, fast and slow relaxations, and
precession of magnetization (left panel). Background subtracted
time-resolved Kerr rotation data is shown in the right panel. (b)
Simulated magnetic hysteresis loops for arrays with three
different lattice symmetries at ¢ = 0°.(c) The spin wave spectra
obtained by FFT of the time-resolved data from rectangular,
honeycomb and octagonal lattices are shown for different
values of ¢ at H = 1.3 kOe. The corresponding scanning
electron micrographs with the schematic of the experimental
geometry are shown in the insets

Experimental Details

10 x 10 um? arrays of 20 nm thick NigyFe, dots with negligible
magneto crystalline anisotropy and with circular shapes
arranged in rectangular, honeycomb and octagonal lattices are
fabricated by a combination of electron beam lithography and
electron beam evaporation. The diameter of individual dots is
about 100 nm and the edge-to-edge separation between the dots
is about 30 nm. The dot shape, size and the inter-dot separation
are chosen to negligible shape anisotropy,
accommodation of two intrinsic modes®*® (edge and centre
modes) inside the dots and a strongly collective magnetization
dynamics of the array.

The ultrafast magnetization dynamics of the samples is
measured by an all-optical time-resolved magneto-optical Kerr
effect microscope based upon a two-color collinear pump-probe

ensure
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geometry”’. The second harmonic (A = 400 nm, pulse width ~
100 fs) of a mode-locked Ti- Sapphire laser (Tsunami, Spectra
Physics) is used to excite the magnetization dynamics in the
sample whereas the time-delayed fundamental (A = 800 nm,
pulse width ~ 80 fs) is used to probe the dynamics by
measuring the Kerr rotation as a function of the time-delay
between the pump and probe beams. The pump and probe
beams are made collinear and are focused onto the centre of the
whole array by using a microscope objective (N.A. = 0.65) to
spot sizes of 1 pm and 800 nm, respectively to measure the
local magnetization dynamics under the focused laser spot. An
external magnetic field (/) is applied at a small angle (10°) to
the sample plane. In the experimental set up, we effectively
vary the azimuthal angle (¢) of H between 0 and 180 at
intervals of 5, 10" and 15° for octagonal, honeycomb and
rectangular lattice, respectively. This is done by rotating the
samples using a high precession rotary stage while keeping the
microscope objective and H constant. The pump and the probe
beams are made to incident on the same region of the array for
each value of ¢.
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Figure 2. (a) Experimental and (b) simulated spin wave
frequencies (symbols) as a function of the azimuthal angle ¢ of
the in-plane bias magnetic field at # =1.3 kOe. The solid curves
show the theoretical fits.

Results and Discussions

Figure 1(a) represents a typical time-resolved Kerr rotation data
for octagonal lattice at a bias field H = 1.3 kOe at ¢ = 0. The
data in the left panel shows an ultrafast demagnetization within
500 fs with a bi-exponential decay with decay constants of 3 ps
and 400 ps.
oscillatory signal on the slowly decaying part of the time-

The precessional dynamics appears as an

resolved Kerr rotation data. The background subtracted Kerr
rotation data is shown in the right panel. In Fig. 1(b) simulated
loops three different
symmetries at ¢ = 0° are shown, which will be discuss later in

hysteresis for arrays with lattice
this article. The fast Fourier transformations (FFTs) of the time
resolved data reveal the SW spectra as shown in Fig. 1(c) for
the rectangular, honeycomb and octagonal lattices at ¢ = 0,

30'and 90". The corresponding SEM images of the lattices are
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shown in the inset. The experimental geometry is shown on the
SEM image of the rectangular lattice. A clear difference is
observed in the SW spectra both with the variation of the lattice
arrangement and ¢. The solid curves correspond to theoretical
fits to harmonic functions with anisotropies having different
symmetries (Fig. 2(a), (b)). The rectangular lattice shows two
modes for all ¢ values (Fig. 1(c)), and the lower frequency
mode (asterisk marked) shows a combination of two-fold (88%)
and four-fold (12%) anisotropies (Fig. 2(a)) from the theoretical
fit. For honeycomb lattice the situation is quite different. A
broad band of modes for ¢ = 0" transforms to a single mode
with a small splitting at ¢ = 30°. As ¢ increases further new
modes start to appear and at ¢ = 45° two modes with a small
splitting are observed while for 60°< ¢ < 90° again broad band
of modes appear. This phenomenon is repeated with a period of
90°. The frequency of the asterisk marked mode first decreases
as ¢ deviates from 0". At ¢ = 30 the frequency attains a
minimum value and it increases again as the ¢ changes from 30
and a maxima is obtained ¢ = 60°. This phenomenon is repeated
and at ¢ = 30", 90" and 150" minima are observed whereas at ¢
=0",60°, 120°and 180" maxima is observed as shown in Figure
2(a). Theoretical fitting of the variation of this mode frequency
with ¢ shows a combination of six-fold (83%) and four-fold
(17%) anisotropies. For octagonal lattice, three modes (Fig.
1(c)) are observed at ¢ = 0" and the number of modes remained
the same for all values of ¢ except for variation in their relative
intensities. The asterisk marked mode corresponding to /= 8.84
GHz shows a combination of eight-fold (90%) and four-fold
(10%) anisotropies as shown in Figure 2(a). To understand the
origin of these anisotropies, we have performed micromagnetic
simulations at T = 0 K using the OOMMEF software*® on 1100 x
1100 x 20 nm’ volume consisting of circular dots arranged in
different lattice symmetries. The sample geometries for the
simulation are derived from the SEM image of the samples.
The simulated array volumes are considered smaller than the
experimental samples due to computational resources.
However, they are larger than the excitation and probe volumes
used in the experiment and are expected to capture the
experimental observations well. The samples are discretized
into rectangular prism-like cells with dimensions 2 % 2 x 20
nm’. Discretization of circular nanodots by rectangular prism
like cells introduces some artificial edge roughness but this is
negligible compared to the dimensions of the nanodots and
does not affect the dynamics significantly. The lateral cell size
is well below the exchange length of Py (5.3 nm). The
parameters used for the simulation are y = 18.5 MHz/Oe,
1.3x10°°
magnetocrystalline anisotropy constant X = 0 and saturation

exchange stiffness constant, 4 = erg/cm,
magnetization M; = 860 emu/cc. The static and the dynamic
simulations are performed by methods described elsewhere®'.
First, we simulated the hysteresis loop for arrays with three
different lattice symmetries (Fig. 1(b)) at ¢ = 0°. The loops vary
significantly between different arrays. The rectangular lattice
shows a small corrective field (H, = 14 Oe) and saturation field
(Hs= 0.35 kOe), which increase significantly in honeycomb (H,

=135 Oe, Hs = 0.9 kOe) and octagonal (H, =122 Oe, Hg= 1.05

J. Name., 2012, 00, 1-3 | 3



RSC Advances

kOe) lattices. The external bias field H (> Hg for all arrays) is
applied according to the experimental configuration and a
pulsed field of rise time of 50 ps and peak amplitude of 30 Oe
is applied perpendicular to the sample plane. The optical
excitation used in the experiment is simulated as a pulsed
magnetic field, which is a valid approximation as within few
picoseconds of the optical excitation the energy from the spin
and electron systems are transferred to the lattice, which
effectively launches a pulsed magnetic field within the system
and triggers the spin wave dynamics as studied here.

The dynamic simulations were acquired for 1.5 ns at the time
steps of 5 ps. The experimental results are qualitatively
reproduced by the simulations. In Fig. 2(b), the simulated mode
frequencies for different lattices are plotted as a function of ¢.
The simulations reproduced the major experimentally observed
features. Theoretical fit to the simulated results reveal the
presence of two-fold, six-fold and eight-fold anisotropy,
superposed with a four-fold anisotropy for rectangular,
honeycomb and octagonal lattice, respectively. The fits are
reasonable for both experimental and simulated data, and the
deviations are possibly due to the edge roughness and
irregularities in the samples, which modify the anisotropy
arising due to the symmetry of the stray magnetic field in this
lattice. There are primarily three contributions to the
configurational anisotropy — 1) the shape of the array boundary
2) the lattice symmetry and 3) the shape of the individual dot.
The first contribution arises due to the strongly collective
magnetization dynamics, the second contribution originates
from inter-dot the magnetostatic stray fields and the ensuing
change in the internal fields of the constituent nanodots while
the third contribution is not applicable in our case as the dot
shapes are circular.
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Figure 3. The power ((a), (c) and (e)) and phase ((b), (d) and
(f)) maps of the asterisk (*) marked modes for the rectangular
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((a), (b)), honeycomb ((c), (d)) and octagonal ((e), (f)) lattices
for selected values of ¢ at H = 1.3 kOe. The color maps for
power and phase distributions are shown at the bottom of the
figure.

Simulated Angular Variation of the Mode Profiles of the
Collective Mode with Different Lattice Symmetry

We have further simulated the angular variations of mode
profile® of the studied modes for samples with different lattice
symmetry. The power map of the modes for rectangular,
honeycomb and octagonal lattices at different ¢ values are
shown in Fig. 3. For the rectangular lattice (Fig. 3(a)), the
anisotropic mode at ¢ = 0° corresponds to the edge mode of the
individual nanodots distributed uniformly over the entire lattice
barring the vertical edges. With the variation of ¢ the edge
modes in the dots and their distribution in the array rotate
following the bias field. Clearly the stronger interaction
between the edge modes of the dots along the vertical direction
(smaller lattice constant) gives the stronger two-fold anisotropy
while the square boundary of the array gives the weaker four-
fold anisotropy due to the collective dynamics of the array. The
honeycomb lattice shows a number of modes at ¢ = 0° but the
only anisotropic mode correspond to vertical stripe-like regions,
where the half circles (full circle) are alternatively precessing
in-phase and out-of-phase with each other (dotted boxes in Fig.
3(e)) forming a collective backward volume (BV) like mode of
the array'®. As ¢ increases from 0’ the collective BV like mode
breaks down giving rise to a complicated mode profile. In
addition, the distribution of the power of the mode at the central
part of the array varies, first decreasing as ¢ increases from 0°
to 30° and then increasing as ¢ increases further to 60°. For the
octagonal lattice the anisotropic mode corresponds to the BV
like modes of the nanodots collectively precessing in phase
within the regions shown by the dotted boxes (Fig. 3(f)) at ¢ =
0°. As ¢ increases the collective modes of the arrays break
down. In addition, the power map shows that the BV like mode
of the constituent dots converts to edge mode of the dots at
22.5°, reappears at 45° and turns into edge modes again at 67.5°
and repeat in this fashion. Since the edge mode has lower
frequencies than the BV like mode the mode frequency varies
with that period.

-5.5k0e
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Figure 4.
distributions (x-component) are shown for (a) rectangular, (b)

Contour maps of simulated magnetostatic field

honeycomb and (c) octagonal lattice for selected values of ¢ at
H = 1.3 kOe. The schematics of the applied bias field directions
are also shown for all values of ¢. The color map for the
magnetostatic field is shown at the bottom of the figure.

Angular Variation of Simulated Magnetostatic Field
Distributions for Different Lattice Symmetry

Although the spin wave mode profiles give some indication
about the origin of the observed configurational anisotropy, we
have further studied the variation of magnetostatic field
distribution in the arrays with the bias field angle ¢. The
magnetostatic field consists of dipolar and higher order
multipolar fields as well as localized fields in some cases.
Figure 4 shows the contour plots of the above field for different
lattices at @ = 30°, 45° and 90°, while the arrows represent the
magnetization inside the dots and the schematic shows the
direction of the applied bias field. The stray fields as well as the
internal fields change considerably with the variation of ¢
leading towards the variation in the observed mode structures
as well as the mode frequencies. We have further estimated the

60 6 ([?ggree) 120

150 180
Figure 5. Variation of the simulated average magnetostatic
field as a function of ¢ at H = 1.3 kOe from samples with

different lattice symmetry. The symbols show simulated data,
while the solid curves show the theoretical fits.

variation of the average magnetic field acting on a single dot
from the array shown by the dotted boxes in Fig. 4 with ¢ and
found a similar anisotropy in the magnetic field itself as shown
in Fig. 5. Theoretical fitting with the data in Fig. 5 revealed
two-fold, six-fold and eight-fold anisotropy superposed with a
weak four-fold anisotropy for the rectangular, honeycomb and
octagonal lattice, respectively. This variation is a result of the
magnetic environment of the dots in different lattices and its
ensuing variation with the angle of the bias field, and is
manifested as the configurational anisotropy in the samples.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

In conclusion, we have investigated the configurational
anisotropy in the precessional magnetization dynamics in two
dimensional ferromagnetic nanodot lattices with different
lattice symmetries. The azimuthal angle of the bias magnetic
field is varied between 0 and 180° and the spin wave spectrum
showed a drastic variation in number of peaks and peak
positions with the angle. The dominant precessional mode
showed two-fold, six-fold and eight-fold anisotropy superposed
with a weak four-fold anisotropy for rectangular, honeycomb
and octagonal lattice, respectively. The four-fold anisotropy
originates due to the square boundaries of the arrays as a result
of the collective magnetization dynamics, whereas two-fold,
six-fold and eight-fold anisotropies arise due to the variation of
the magnetostatic field distribution within the arrays with the
lattice symmetry and bias field angle. Micromagnetic
simulations reproduced the observations qualitatively and the
simulated mode profiles identified the specific modes showing
anisotropy. While the angular variation of the simulated mode
profiles give sufficient indications towards the possible reasons
of the

magnetostatic field distribution pinpointed the exact reason as

of the observed anisotropy, analyses simulated

the variation of the stray fields inside the arrays and the internal
fields inside the nanodots for the observed anisotropy. The
observed tunability of anisotropy of spin wave frequency and

mode structure with lattice symmetry is important for their
anisotropic propagation in two-dimensional magnonic crystals.
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