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Optically induced spin waves in Ni80Fe20 (permalloy) cross-shaped nanoelements are studied by

time-resolved magneto-optical Kerr effect microscope. A strong anisotropy in the spin wave modes

are observed with the orientation angle (/) of the in-plane bias magnetic field. As / deviates from

0� a single resonant mode splits into a numbers of modes, while the powers of the higher frequency

modes increase as / increases from 0 to 45�. The lowest frequency mode shows a four-fold

configurational anisotropy. The mode of a single cross remains unaffected by the magnetostatic

interaction of the neighbouring elements for /¼ 0�, while the effect increases with / and becomes

maximum at 45�, making these elements interesting candidates as building blocks for magnonic

devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804990]

Current trend in the miniaturization of magnetoelec-

tronic and data storage devices with faster response and

lower energy consumption demands the study of the magnet-

ization processes of magnetic nanostructures at very small

time- and length-scales.1–4 Emerging technologies such as

spin torque nano-oscillators as on-chip microwave sources,5

magnonic crystals as on-chip data communications,6,7 and

spin based logic devices8,9 pose challenges towards manipu-

lation of magnetization dynamics not only by varying the

magnetic materials but also by varying the size, shape, and

aspect ratio of a given material. In addition to the physical

structures of the individual elements, the magnetic properties

of the nanomagnetic metamaterials in the form of artificial

lattices may also be tailored by varying the shapes of the

individual elements. The magnetization of confined magnetic

elements deviates from the bias magnetic field even in pres-

ence of a large enough magnetic field thus creating demagne-

tized regions. These demagnetized regions play important

roles in determining their magnetic ground states as well as

the magnetization dynamics. They offer different potentials

to the propagating spin waves and also spatially localize

them within the demagnetized regions. In addition, the inter-

dot magnetostatic interaction10–12 in ordered arrays of nano-

magnets may also get affected by the shapes of the elements.

This is because the profile of the stray magnetic field

depends on the shapes of the boundaries of the elements as

well as the internal magnetic field.

Recent developments in the fabrication of ordered arrays

of nanostructures of various geometric shapes have opened

the opportunity to study the shape dependent magnetic prop-

erties of nanomagnets and their potential applications.13,14

Rotational symmetry of various orders based upon the

symmetry of the nanomagnets has been reported from the

measurements of in-plane magnetic hysteresis loops.13–15

Control of configurational anisotropy through edge indenta-

tion of permalloy square prisms and thereby affecting their

micromagnetic configurations has been demonstrated.16

Four-fold anisotropy in the precession frequency and damp-

ing in square magnetic microelement due to the systematic

variation of the inhomogeneous internal field of the elements

with the orientation of the bias magnetic field were investi-

gated by time-resolved Kerr microscopy.17 Later, dynamical

configurational anisotropy of various symmetry were

observed in arrays of nanoelements18–20 originating not only

from the internal magnetic fields of the elements but also

from the symmetry of the magnetostatic stray field within an

array of nanoelements showing collective magnetization dy-

namics. Brillouin light scattering experiments on triangular21

and elliptical dots with “egg-like” distortion22 showed local-

ized modes and mode distortion affecting the linewidth of

the mode spectra. Three dimensional shape dependent spin

wave modes were also demonstrated recently.23

Static magnetic spin configurations in permalloy cross-

shaped structure studied by magnetic force microscope

showed magnetic poles and complex spin configurations at

the junction of the cross.24 However, spin wave modes in

such structures have not been reported. Here, we present the

anisotropy in the spin wave mode in a cross-shaped permal-

loy element by an all-optical time-resolved magneto-optical

Kerr effect (TRMOKE) microscope. We have used micro-

magnetic simulations to understand the frequency spectra

and the spatial profiles of the modes.

Arrays of cross-shaped permalloy elements with total

length and width of about 600 nm, thickness of 20 nm, and

nearest edge spacing of 50 nm were fabricated by e-beam li-

thography and e-beam evaporation. The scanning electrona)abarman@bose.res.in
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micrograph (Fig. 1(a)) showed that the cross-shapes have

slightly rounded corners. The time-resolved magnetization

dynamics of a permalloy film of 20 nm thickness deposited

under the same condition was measured by an all-optical

TRMOKE microscope25 for extraction of the materials pa-

rameters. The frequency of uniform precession is plotted as a

function of the bias field (Fig. 1(b)) and was fitted with

Kittel’s formula. The time-resolved magnetization dynamics

from the cross-shaped element is measured with a collinear

pump-probe arrangement. The focused probe beam

(k¼ 800 nm) with about 700 nm spot size probes the dynam-

ics of a single element under the influence of the magneto-

static interaction from the neighbouring elements. The pump

beam has central wavelength of k¼ 400 nm and has a spot

size of about 1 lm. The pump and probe spots are schemati-

cally shown on the SEM image in Fig. 1(a). The pump and

probe fluences used in this experiment are about 12 mJ/cm2

and 2 mJ/cm2, respectively. The applied bias magnetic field

is tilted at a small angle to the plane of the elements, while

the in-plane component of that field is denoted by H in Fig.

1(a). The time-resolved data was measured as a function of

the azimuthal angle / for H¼ 0.87 kOe. The value of

H¼ 0.87 kOe is found to be the maximum bias field, which

remained stable during the measurements of time-resolved

magnetization dynamics at varying / between 0 and 180� in

our measurement. Micromagnetic simulations of the static

magnetic configurations of the elements using OOMMF soft-

ware26 showed that at H¼ 0.87 kOe the elements have simi-

lar magnetization distribution to that for H> saturation fields

as obtained from the simulated hysteresis loops.

The precessional dynamics appears as an oscillatory sig-

nal above a slowly decaying part of the time-resolved Kerr

rotation data followed by demagnetization within 400 fs and

a fast remagnetization within 10 ps. A bi-exponential back-

ground was subtracted from the time-resolved data, and fast

Fourier transform (FFT) was performed to find out the fre-

quency spectra.25 Figures 1(c) and 1(d) show the experimen-

tal time-resolved Kerr rotations at different values of / and

the corresponding FFT spectra. At /¼ 0�, a single dominant

mode is observed at about 5.5 GHz, but as / is deviated from

0� a number of modes appear. At /¼ 15�, four clear modes

appear, while for /¼ 30 and 45� five modes with significant

intensities appear. For /¼ 45� the intensities of the addi-

tional peaks reach a maximum. As / is further increased the

trend is repeated and at /¼ 90� again a single dominant

mode similar to /¼ 0� is observed. The lowest frequency

mode shows a four-fold anisotropy as a function of / as

shown in Fig. 2(a).

Micromagnetic simulations of the spin wave spectra

were performed by OOMMF. The shapes of the elements

were derived from the SEM images and were discretized

into rectangular prism like cells of 4� 4� 20 nm3 dimen-

sions. Further test simulations with smaller cell sizes along

the lateral directions and along the thickness showed that

spin wave modes remain qualitatively similar. The material

parameters were used as c¼ 18.5 MHz/Oe, HK¼ 0, MS

¼ 860 emu/cc as extracted from the Kittel’s fit to the preces-

sion frequency vs. bias field described before, while the

exchange stiffness constant is used as A¼ 1.3� 10�6 erg/cm.27

The optical excitation is approximated by a pulsed magnetic

FIG. 1. (a) Scanning electron micrograph of the array of cross-shaped perm-

alloy elements. The solid and dotted circles represent the schematic of the

pump and probe spots on the sample. The geometry of the bias magnetic

field is shown on the SEM image. (b) Frequency vs. bias magnetic field for a

permalloy thin film with 20 nm thickness along with the fit with Kittel’s for-

mula. (c) Measured time-resolved Kerr rotation and (d) the corresponding

FFT spectra from the array of cross-shaped permalloy elements at different

orientations of the bias magnetic field /. Simulated spin wave spectra from

(e) a 3� 3 array of cross-shaped elements and (f) a single cross-shaped ele-

ment at same values of /.

FIG. 2. Experimental and simulated frequencies as a function of the azi-

muthal angle / of the bias magnetic field. The solid lines show a fit to a so-

lution of LLG equation with a four-fold anisotropy.
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field with risetime of 50 ps and peak value of 30 Oe, applied

along the normal to the sample plane. The FFT spectra of

the simulated time-dependent magnetization of a 3� 3 array

of cross-shaped elements are shown in Fig. 1(e). The simu-

lated spectra shows similar features as the experimental data

such as a single resonant mode for /¼ 0 and 90� while a

band of modes are observed for 15, 30, and 45�. The lowest

frequency mode in the simulated spectra also shows a four-

fold variation as a function of / as shown in Fig. 2(b). The

variation of precession frequency with / has been modelled

by solving Landau-Lifshitiz-Gilbert equation with a four-

fold anisotropy field,17 and the anisotropy field is found to

be about 35 Oe and 40 Oe in the experiment and the simula-

tion, respectively. The deviation in the simulated anisotropy

field from the experimental value is possibly due to the limi-

tation in the reproduction of the shapes and defects present

in the experimental sample due to the relatively large value

of the cell size compared to the rounded features of the

cross-shaped samples.

In order to understand the effect of the magnetostatic

interaction between the neighbouring elements, we have

simulated the spin wave spectra for a single cross-shaped

element (Fig. 1(f)) under similar conditions as for the array.

A comparison shows that while for /¼ 0� the two spectra

are identical, differences arise as / deviates from 0�, and

becomes maximum for /¼ 45�. The intensities of the higher

frequency peaks are higher for the array as compared to the

single element, and an additional peak becomes prominent

for /¼ 30 and 45�, showing the stronger effect of the mag-

netostatic interactions. We have further calculated the spatial

distributions of powers and phases of the individual resonant

modes observed in the spectra by using a home built code.28

Figures 3 and 4 show the power profiles of all resonant

modes for the 3� 3 array and the single element, respec-

tively. The colormap is shown next to the mode profiles. The

single resonant mode for /¼ 0� shows an “X” like pattern

extended in the vertical arms of the cross with its centre at

the centre of the cross. This mode also has some power at

the ends of the horizontal arm. This mode profile is identical

to that observed for a single cross. As / deviates from 0�,
the modes starts to flow more into the horizontal arms of the

cross, and a number of quantized modes are now accommo-

dated within the cross with the quantization axis parallel to

the direction of the bias field. The mode quantization number

increases with the increase in mode frequency. These higher

frequency modes get increasingly more power as / varies

from 0 to 45�. In addition, the mode profiles and the powers

on these modes get increasingly more affected in the array as

compared to the single element as / varies from 0 to 45�. In

Fig. 3(b), we show the mode profiles for /¼ 0� calculated

with two cell sizes of 4� 4� 4 nm3 and 2� 2� 20 nm3.

Although the power distributions of the modes slightly differ

with cell size, the modes remained qualitatively same with

cell size.

For further understanding of the mode profiles and the

effects of the neighbouring elements on the mode profiles,

we have numerically calculated the magnetostatic field dis-

tribution as shown in Fig. 5. For /¼ 0�, the non-uniform

magnetization within the elements is concentrated near the

edges of the horizontal and the vertical arms of the cross

parallel to the bias field defining the regions where the modes

are concentrated within the cross. The stray magnetic fields

are also concentrated just outside those edges thereby limit-

ing the stray fields to affect the modes of the individual ele-

ments significantly. As / deviates from 0� the internal non-

uniform magnetization regions also rotate creating an

FIG. 3. (a) Simulated spatial distributions of power corresponding to differ-

ent resonant modes, as shown in Figure 1(e) for a 3� 3 array of cross-

shaped permalloy elements with the bias field applied at different angles /
w.r.t. the array. (b) Test simulations with smaller cell sizes for /¼ 0�. The

colorscale for power is shown at the top of the figure.

FIG. 4. Simulated spatial distributions of power corresponding to different

resonant modes as shown in Figure 1(f) for a single cross-shaped permalloy

element with the bias magnetic field applied at different angles / w.r.t. the

element. The colorscale for power is as shown in Figure 3.
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asymmetry and allowing the modes to leak into the horizon-

tal arms. The quantized modes now form due to the corre-

sponding physical boundaries and the resulting

demagnetizing fields. The stray magnetic fields from the

neighbouring elements start to extend increasingly more,

reaching inside the elements and thereby affecting the modes

to larger extent. This reaches a maximum for /¼ 45� and

decreases again following the symmetry of the element. The

four-fold anisotropy for the lowest frequency mode is also

originated due to the above variation of the magnetostatic

field.

In summary, we have investigated optically excited spin

wave modes in arrays of cross shaped permalloy elements of

about 600 nm length and width, 20 nm thickness, and about

50 nm separation between the nearest edges. We have used a

custom built two color all-optical TRMOKE microscope for

this investigation under the application of a bias magnetic

field, whose orientation / is varied with respect to the sam-

ple geometry. A significant anisotropy in the nature and fre-

quencies of the spin wave modes with / is observed. When

the bias field is applied parallel to one of the arms of the

cross (/¼ 0� and 90�) a dominant single mode is observed,

while a band of modes appear as / deviates from 0� and 90�

and the band becomes broadest at /¼ 45�. The lowest fre-

quency mode shows a four-fold anisotropy. Micromagnetic

simulations qualitatively reproduce the experimentally

observed features. The simulated mode profiles show the

occurrence of a number of quantized modes, where the fre-

quencies of the modes increase with the mode quantization

numbers. The frequencies and profiles of the modes of the

elements in the array are significantly affected by the neigh-

boring elements as / deviates from 0� and become

maximum at 45�. The observed anisotropy in the spin wave

modes and its collective behavior are significant for building

future magnonic nanodevices based upon cross-shaped mag-

netic nanoelements.
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