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The anisotropy in the collective precessional dynamics with the variation of azimuthal angle of the
bias magnetic field is studied in arrays of permalloy (NiggFe,y) nanoelements by an all-optical
time-resolved Kerr microscope. When the nanoelements are very closely spaced (inter-element
separation =50nm), a gradual transition from completely uniform collective regime to a
completely non-collective regime is observed as the azimuthal angle varies from 0° to 45°. On the
other hand, for inter-element separation of 100 nm, a non-uniform collective dynamics is observed
at 0° and a non-collective dynamics is observed at 45° but no clear trend in the transition is
observed. © 2012 American Institute of Physics. [doi:10.1063/1.3672402]

Ordered arrays of magnetic nanoelements have emerged
as a topic of scientific and technological interests due to the
richness of the magnetization reversal dynamics'~ and spin
wave modes and damping in such systems,” ' as well as the
potential technological interests. The later includes the devi-
ces including magnetic storage,'' memory,'? logic,'? mag-
nonic crystals'* and arrays of spin torque nano oscillators."”
Experimental and theoretical studies of magnetization preces-
sion in ordered arrays of nanomagnets have revealed various
interesting observations including the size dependent preces-
sion frequency and damping, collective modes, anisotropic
spin wave propagation, dynamic configurational anisotropy
and observations of rich spin wave mode structures.” """

The collective dynamics is determined by the interplay
between the static and dynamic stray fields and with the vari-
ation of the relative orientation of the bias field both the in-
ternal fields within the individual elements and the stray
fields are expected to vary and result in the variation in the
collective mode structures. However, very few attempts have
been made to study the dependence of collective modes on
the relative orientation of the applied bias field and the sym-
metry of the array.” Here, we present the precessional dy-
namics of square arrays of square magnetic elements, where
the individual elements possess non-uniform ground states
and consequently a number of resonant modes are observed
as the bias field direction is varied from the edge to the diag-
onal of the elements. We investigate how the anisotropy in
the spin wave manifold is affected by the strength of the
magnetostatic coupling as the arrays undergo transition from
a single uniform collective mode to a number of non-
uniform collective modes.

The samples were prepared by a combination of electron
beam evaporation and electron-beam lithography. We inves-
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tigated arrays of square permalloy elements of 200 nm width,
20 nm thickness and with edge to edge inter-element separa-
tion () of 50 nm and 100 nm. The scanning electron micro-
graphs (Fig. 1(a)) show that the dots are of very good
quality. The ultrafast magnetization dynamics of the arrays
were studied by a home built all-optical time-resolved
magneto-optical Kerr effect microscope.'®!” About 8 mW of
400 nm laser pulses (pulse width ~100 fs) were used to
pump the samples while 2 mW of 800 nm laser pulses (pulse
width ~70 fs) were used to probe the dynamics. The bias
field was tilted at 15° angle from the plane of the sample.
The azimuthal angle (¢) of the in-plane component of bias
field (H) is varied and the time-resolved signals were meas-
ured at each ¢ value. The precessional dynamics appears as
an oscillatory signal above the slowly decaying part of the
time-resolved Kerr rotation signal after a fast demagnetiza-
tion within 500 fs, and a fast remagnetization within 10 ps.

Figure 1(b) shows the bi-exponential background sub-
tracted time-resolved Kerr rotations and the corresponding
fast Fourier transform (FFT) spectra from the array with
S=50 nm at some selected values of ¢ for H=1.25 kOe.
For ¢) =0°, 90° and 180°, we observe a single uniform col-
lective mode of the elements but at intermediate values of ¢,
we observe a splitting of the single mode into two modes.
The frequencies of the modes vary significantly with ¢. In
Fig. 1(c), we have plotted the central frequency of each reso-
nance peak as a function of ¢. Two well separated branches
are visible, where the upper branch is observed for all values
of ¢, whereas the lower branch is missing along three sym-
metry axes (¢ =0°, 90° and 180°). A clear four-fold anisot-
ropy is observed in the angular variation of the frequency for
both branches with the easy axes at ¢p =45° and 135° and
hard axes at ¢ =0°, 90°, and 180°. The angular variation of
frequency is fitted with Kittel’s formula after introducing a
four-fold anisotropy constant K, and assuming zero magne-
tocrystalline anisotropy for permalloy'®

© 2012 American Institute of Physics
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FIG. 1. (Color online) (a) Scanning electron micrographs of arrays of perm-
alloy square elements with width =200 nm, thickness =20 nm and with
varying inter-element separation S. The experimental geometry is shown on
top of the image. (b) Experimental time resolved Kerr rotations and corre-
sponding FFT spectra are shown for arrays of permalloy elements with
S =50 nm for varying angle of applied bias field (¢). (c) The experimental
and (d) the simulated precession frequencies are plotted as a function of the
angle (¢) of applied bias field. The solid lines correspond to fit to Eq. (1).
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where y is the gyromagnetic ratio and M is the effective mag-
netization of the sample within the region where the mode
occurs. The upper and lower branches show four-fold anisot-
ropy fields (K4/M) of about 22 Oe and 14 Oe, respectively.
We have further performed micromagnetic simulations
by using OOMMF software'® on arrays of 7 x 7 square
permalloy elements with similar dimensions as the experi-
mental samples and by dividing the samples into cuboidal
cells of 5 x 5 x 20 nm® volume. The bias field was applied in
experimental configurations and a pulsed excitation was
given along z directions for the dynamic simulations.?® The
simulated mode frequencies are plotted as a function of ¢ in
Fig. 1(d), which reproduces the key experimental observa-
tions with the four-fold anisotropy fields (K4/M) of 25 Oe
and 13 Oe for the upper and lower branches, respectively.
We have also simulated the angle variation of the mag-
netization dynamics of a single 200 nm? permalloy element.
Figure 2(a) shows the plot of mode frequencies as a function
of ¢. Four distinct branches are observed, out of which
branches 2 and 4 show four-fold anisotropy with anisotropy
fields (K4/M) of 16 Oe and 8 Oe, respectively, while the
other two branches show no clear symmetry. At ¢ =0°, 90°,
and 180° two well separated modes are observed, out of
which the lower frequency mode is clearly suppressed in the
array with § =50 nm. At 45° and 135° two modes are again
observed. At intermediate values of ¢, we observe four
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FIG. 2. (Color online) (a) Simulated precession frequencies as a function of
the angle (¢) of the applied bias field and fit to Eq. (1) (solid lines) are shown
for a single square permalloy element with width 200 nm and thickness
20nm. (b) The powers and phases of the resonant modes are shown. The peak
numbers are shown in the first column whereas ¢ is shown at the fifth row.

modes for the single elements but in the arrays two of those
modes disappear, while two other modes are modified.

We have further simulated the power and phase maps of
each resonant mode for both the single 200 nm element
(Fig. 2(b)) and for the array with § =50 nm (Fig. 3). We con-
centrated on the 3 x 3 elements at the center of the array,
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FIG. 3. (Color online) The powers and phases of the resonant modes for the
arrays of square permalloy elements with § =50 nm and with different bias
field orientations (¢) are shown. The peak numbers are shown in the first
row whereas ¢ is shown at the first column.
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FIG. 4. (Color online) The powers and phases of the resonant modes for the
arrays of square permalloy elements with § = 100 nm are shown at different
values of ¢. The peak numbers are shown in the first row whereas ¢ is
shown in the first column.

which experience almost uniform magnetostatic environ-
ment. At ¢ =0°, the two modes are the center and edge
modes of the single element and clearly the edge mode is
suppressed in this array due to the strong magnetostatic fields
from the neighboring elements. When the bias field is
applied along directions between two edges of the elements
a mixture of backward volume magnetostatic (BWVMS)
and magnetostatic surface wave (MSSW) modes with
different mode numbers (mixed modes) are observed. At the
intermediate angles (15° and 30°), modes 1 and 4 are com-
pletely suppressed, while modes 2 and 3 are modified due to
the inter-element interaction in the array. However for
¢ =45°, both the modes remain intact with slight modifica-
tion in their frequencies. Hence, the collective dynamics is
almost non-existent for ¢ =45° although it appears to vary-
ing extent for 0° < ¢ < 45° in arrays with S =50 nm.

We further investigate the array with S = 100 nm. Figure
4 shows three modes at ¢ =0°, which are the center and
edge modes of the individual elements, and an additional
BWVMS like collective mode of the array. However, at
¢ =15° two mixed modes are observed. For ¢ =30° three
mixed modes are observed, while for ¢ =45° again two
mixed modes (identical to the single element) are observed.
The edge mode is absent for ¢=15°, 30°, and 45°.
Although, there is a common observation of non-collective
dynamics at ¢) =45° for both § =50 nm and 100 nm, in the
former case the transition from strongly collective regime
(¢ =0°) to non-collective regime (¢ =45°) occurs gradu-
ally, while in the latter case no clear trend is observed.

In summary we have studied the dependence of the azi-
muthal angle (¢) of the bias field on the collective modes in
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arrays of permalloy elements with 200 nm width, 20 nm
thickness and with inter-element separations (S) of 50 nm
and 100 nm. Measurements and simulations show a uniform
collective mode for $=50 nm and transition to a non-
uniform collective regime at S = 100 nm with the splitting of
the main resonant mode. For S =50 nm, a gradual transition
from uniform collective regime to a non-collective regime
occurs as ¢ changes from 0° to 45°. On the other hand, in
the weakly collective regime (S =100 nm) although the dy-
namics at ¢) =45° is non-collective similar to that for § =50
nm, transition from 0° to 45° does not follow a clear pattern.
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