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We investigated optically induced ultrafast magnetization dynamics in square shaped Ni80Fe20
nanorings with varying ring width. Rich spin-wave spectra are observed whose frequencies showed
a strong dependence on the ring width. Micromagnetic simulations showed different types of
spin-wave modes, which are quantized upto very high quantization number. In the case of widest
ring, the spin-wave mode spectrum shows quantized modes along the applied field direction, which
is similar to the mode spectrum of an antidot array. As the ring width decreases, additional quantization in the azimuthal direction appears causing mixed modes. In the narrowest ring, the spinwaves exhibit quantization solely in azimuthal direction. The different quantization is attributed to
the variation in the internal field distribution for different ring width as obtained from micromagnetic analysis and supported by magnetic force microscopy.

I. INTRODUCTION

Nanomagnets feature prominently in a number of
applications, including magnetic storage, logic, and memory
devices.1–3 Magnetic recording is a field of increasing interest and technological development driven by the quest of
ever increasing storage density and improved design of readwrite heads.3 One of the most promising approaches to new
storage architecture is the use of patterned recording media
where the recording layer is fabricated as an ordered array of
magnetic dots, each one storing a single bit of information.4
An important feature of a memory device is that the hard
layer should have two remanent states and the switching process must be simple and reliable. For submicron magnetic
elements, only in very few cases with well-defined anisotropies does the reversal take place via a coherent rotation of
the magnetization. Recent studies show that magnetic ring
structures have two kinds of magnetic states: a flux closure
or vortex state, and an onion state in which each half of a
ring has the same moment orientation, forming head-to-head
and tail-to-tail domain walls where the opposite fluxes meet.
Thus, either of the two orientations of the onion state or the
two different chiralities of the vortex state can be used as
two memory states in the storage layer.5 In addition, the
magnetization dynamics of rings magnetized in the onion
state shows a large richness in its spin-wave modes, which
shows its potential for future logic, memory and data storage
devices. Eigenmodes in magnetic confined structures form
standing spin-wave patterns if the coherence length of the
spin-wave is larger than the dimensions of the confining
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structure. Here, quantization of spin waves takes place not
only due to the confinement in radial and azimuthal directions in the so-called equatorial regions (where the spins are
parallel to the ring edge in onion state) but also in spin-wave
wells in the so-called pole regions (where the spins are perpendicular to the ring edge) created by the demagnetizing
field at the finite edges of the ring.6–11 However, a major
problem associated with a symmetrical ring is the difficulty
in pinning the magnetic domain walls in certain places without which, both magnetic ‘‘poles’’ of the onion state will
rotate simultaneously and the reversed onion state is reached
without the intermediate vortex state. In order to achieve the
stability, square,12–16 rectangular,17,18 triangular19 and elliptical rings,9,20–23 and off-centered asymmetrical circular
magnetic rings24 have been proposed as an alternative to circular magnetic rings.
So far, extensive research has been carried out on the
static properties of micron and nanosize circular, square, and
asymmetric circular ring magnets, mainly using the magnetooptical Kerr effect (MOKE),15,17,20 magnetic force microscopy (MFM),25 local Hall effect techniques,26 and diffracted
MOKE.13,16 Magnetization dynamics has also been studied
using micro-focused Brillouin light scattering,6–9,18,21 ferromagnetic resonance,10,11 and time-resolved MOKE
(TR-MOKE)11 in circular,6–8 elliptical,9,21 rectangular,18 and
triangular rings.19 While the static magnetic properties of
arrays of square rings have been reported in literature, studies
of their magnetization dynamics have not been reported so
far. The spin dynamics in square magnetic ring is of special
interest because the domain wall pinning may lead to a significant change in the spin-wave modes with the change in ring
width and quantized spin-wave modes may be observed.

Here, we present an all-optical excitation and detection
of magnetization dynamics in square shaped Ni80Fe20 (Py)
nanorings using a TR-MOKE microscope. The fast Fourier
transform (FFT) spectra showed a number of eigenmodes,
which are strongly dependent on the ring width. We explain
these multiple modes to be originated from width dependent
inhomogeneity in the internal field and quantization effect
with the help of micromagnetic simulations.
II. EXPERIMENTAL DETAILS

Arrays covering 20  20 lm2 area, each with 20 nm
thick Py square rings arranged on a square lattice were fabricated on self-oxidized Si (100) substrates using a combination of electron beam lithography and electron beam
evaporation. The nominal inner diameters of the rings were
fixed at 300 nm while the ring width w was varied as 300 nm,
200 nm, and 100 nm in this experiment. The edge-to-edge
separation was fixed at 200 nm. The surface topography of
the samples is measured by scanning electron microscope,
while the static magnetic configurations of the samples are
measured by MFM. The ultrafast magnetization dynamics of
the samples are measured by using a custom built TRMOKE microscope based upon a two-color collinear pumpprobe setup.27 The bias field was tilted at a 15 angle from
the plane of the sample (H ¼ component of the bias field
along the horizontal edge) to have a finite demagnetizing
field along the direction of the pump pulse (k ¼ 400 nm,
pulse width  100 fs), which is eventually modified by the
pump pulse to induce precessional magnetization dynamics
within the samples. The Kerr rotation angle of the probe
beam (k ¼ 800 nm, pulse width  80 fs) is measured as a
function of the time-delay between the pump and probe
beams. The spot size of focused pump and probe beams are
around 1 lm and 800 nm, respectively. Hence, in these measurements, one ring was probed while being placed within the
array.
III. RESULTS AND DISCUSSIONS

Figure 1(a) represents a typical time-resolved Kerr rotation for the ring with w ¼ 300 nm when H ¼ 550 Oe is
applied parallel to the horizontal edge of the ring array. The
static magnetic configuration shows an onion state superposed on a flower state, reminiscent of a square shaped confined magnetic element as shown later in this article. The
data shows an ultrafast demagnetization within 500 fs and a
bi-exponential decay with decay constants of 1.4 ps and
34.7 ps, respectively; corresponding to spin lattice interaction and transfer of energy to the substrate and the surroundings.28 The precessional dynamics appears as an oscillatory
signal on top of the slowly decaying time-resolved Kerr rotation. The background subtracted Kerr rotation data are
shown in Fig. 1(b). The FFT is performed after subtracting
the bi-exponential background to find out the corresponding
power spectrum. Figure 1(c) shows the scanning electron
micrographs of all the samples. The samples show some
deviation in the shape and size (up to 610%) as opposed to
the nominal dimensions. The deviation in size and shape as
obtained from the micrographs will be included in the

FIG. 1. (a) Typical time-resolved Kerr rotation data revealing ultrafast
demagnetization, fast and slow relaxations, and precession of magnetization
for Py square ring array with ring width w ¼ 300 nm at H ¼ 550 Oe.
(b) Background subtracted time-resolved Kerr rotation. (c) Scanning electron micrographs of the ring arrays of different ring width. (d) Experimental
and (e) simulated FFT spectra.

micromagnetic simulations, although the detailed edge
roughness and deformations cannot be precisely included in
the finite difference method based micromagnetic simulations. Figure 1(d) shows the spin-wave spectra for Py square
rings with different width at H ¼ 550 Oe. A clear variation in
the spin-wave spectrum is observed with varying ring width.
For w ¼ 300 nm, four clear modes are observed while for
w ¼ 200 nm, a drastic change occurs in the spectrum with
twelve clear modes appearing between 3 and 17 GHz. Such a
large number of modes was not reported for ferromagnetic
nanoring.7–9,11 However, for w ¼ 100 nm, the number of
modes reduces to ten and the modes lie in between 3 and
15 GHz. Quantization of spin-waves has been reported for
circular, oval, rectangular, and triangular rings in radial and
azimuthal directions8 as well as in polar and equatorial
regions. The quantization condition was found to vary as a
function of ring dimension,8,10 applied magnetic field,6,21
and relative orientation of the magnetic field18,19 with
respect to the ring array. In our case, variation in the ring
width controls the static magnetic configuration within the
ring structure, which leads to different quantization conditions as explained later in this article.

To understand the dynamics, we performed micromagnetic simulations on single ring element using the OOMMF
software.29 Further test simulations on arrays of 3  3 rings
showed similar spin-wave spectra with only a small change
in the relative intensities as well as negligible inter-ring stray
magnetic fields, which allowed us to use a single element
simulation.
Calculations were done by dividing the nanorings into
arrays of cuboidal cells of dimension 2  2  20 nm3 and
material parameters for Py were used as gyromagnetic ratio
c ¼ 18.5 MHz/Oe, anisotropy field Hk ¼ 0, saturation magnetization Ms ¼ 860 emu/cc, and exchange stiffness constant
A ¼ 1.3  106 erg/cm. The optical excitation in the experimental sample is simulated as an out-of-plane effective
pulsed magnetic field.30 Figure 1(e) shows the simulated
spin-wave spectra for all three samples. The simulations
qualitatively reproduce the experimentally observed features,
although the exact values of the frequencies and relative
intensities are not reproduced.
In order to visualize the spatial characters of different
modes, we have calculated the power and phase maps of the
modes by using a home-built code.31 Figure 2(a) shows the
simulated static magnetic configuration in the ground state
for the sample with w ¼ 300 nm. Here, H ¼ 550 Oe is applied
parallel to the horizontal edge of the ring. The static magnetic state shows an onion state superposed on a flower state
for the given applied field with significant amount of demagnetized regions near the external and internal vertical boundaries of the ring as shown by a blue-white-red colormap.
These demagnetized regions, in combination with the magnetization state, will determine the spin-wave mode profiles.
The MFM image and the corresponding micromagnetic simulation results are presented in Figs. 2(b) and 2(c), which
also confirms the simulation result. The power and phase
maps show that all the modes are quantized modes where
quantization is in the direction parallel to the bias magnetic
field (backward volume (BV) modes). The two lower

frequency modes are confined near the pole regions (the vertical arms in this case) where the ring edges are perpendicular to the applied field. The demagnetizing fields due to the
edges reduce the effective magnetic field and the corresponding mode frequencies. The spatial profiles of mode 3 and
mode 4 show that they have similar characters as mode 1
and mode 2 with higher quantization number. However,
these modes reside not only in the pole region, but also in
the equatorial region where the ring arms are parallel to the
direction of the applied field and where the internal field
(which is defined as the sum of the Zeeman and demagnetizing fields) is approximately uniform and equal to the value
of the external field H.
In case of circular ring in an onion state, there are essentially two families of modes; (i) “bulk” modes mainly localized in the equatorial regions and (ii) modes localized close
to the pole regions of the ring where the internal magnetic
field is inhomogeneous.6,7,10,11 Each of these sectors can
accommodate different kinds of excitations including quantized and localized modes. The spin dynamics of triangular
ring is also similar. However, our observed mode profiles for
w ¼ 300 nm do not follow a similar trend. Instead, the mode
profiles resemble the extended and quantized modes of antidot lattices with similar dimensions30 apart from the modes
with high quantization number. In case of a nanoring, the finite external boundaries are probably responsible for the
increase in quantization number.
The profiles of some selected modes for the nanoring
with w ¼ 200 nm are shown in Fig. 3. Here, the static magnetic configuration (Fig. 3(a)) is similar to that for
w ¼ 300 nm. However, the onion state is dominant over the
flower state. The frequency spectrum also demonstrates different kinds of modes, which were not present in the nanoring with w ¼ 300 nm. Here, we find that the lower frequency
excitations (mode 1 to mode 3) are clearly localized in the
pole regions (two vertical arms of the ring), where the internal field is minimum. In addition, the relative phases of the

FIG. 2. (a) Static magnetic configuration of a single ring with w ¼ 300 nm
at H ¼ 550 Oe. The component of magnetization parallel to the bias magnetic
field is represented by a blue-white-red
colormap. (b) MFM image of this
nanoring array in presence of
H ¼ 550 Oe. (c) Simulated MFM
image. (d) Simulated power and phase
maps of the observed resonant modes.
The color maps for the power and
phase distributions are shown at the
bottom of (d).

FIG. 3. (a) The simulated static magnetic configuration (left panel) and
simulated MFM image (right panel) of
a single nanoring with w ¼ 200 nm at
H ¼ 550 Oe. (b) Experimental MFM
image. (c) Power and phase maps for
mode 2. (d) Simulated power maps
corresponding to the resonant peaks
from mode 3 to mode12. The colormap
for power and phase distributions are
shown at the bottom of (d).

modes are opposite at the two pole regions. Figure 3(c)
presents the power and phase maps for mode 2. The power
maps for the other modes are presented in Fig. 3(d). Mode 4
also resides near the pole region, but it is a quantized mode,
exhibiting nodal planes perpendicular to the magnetic field
direction (BV mode). The other modes (mode 5 to mode 12)
have similar character as mode 4 with gradually increasing
quantization number. However, these modes also have an azimuthal character (mixed modes), exhibiting nodal planes
perpendicular to the local direction of the static magnetization. The quantized azimuthal modes lie near the outer edges
of the square ring, whereas the BV modes reside away from
the outer edges. We label these modes as (m, n)-mixed,

where m specifies the number of azimuthal nodal planes and
n is the number of nodal planes along the external field direction. Another feature of these modes is that their quantization
number (both m and n) goes very high ((53, 25)-mixed for
mode12). Azimuthal modes are already exhibited by circular
and elliptical rings, but with much lower quantization
number.8,10,11
Figure 4 shows the mode profiles for the nanoring with
w ¼ 100 nm. In contrast to the other two nanorings, here the
magnetization exhibits pronounced onion state. Moreover,
the poles are also shifted towards the corners as indicated by
the green circles in Fig. 4(a). This distinctive feature is also
present in both experimental and simulated MFM results

FIG. 4. (a) Static magnetic configuration of the ring with w ¼ 100 nm at
H ¼ 550 Oe. The circles denote the
pole regions. (b) Experimental and (c)
simulated MFM image of the ring
array, respectively. (d) Simulated
power maps corresponding to the resonant peaks in the FFT spectra. The
simulated phase profile of mode10 is
also shown in lower panel. The colormap for power and phase distributions
are shown at the bottom of (d).

(Figs. 4(b) and 4(c), respectively). Here, the spins at the
outer and inner edges of the two vertical arms are parallel to
each other barring the pole regions, where they are either
converging or diverging. This can be attributed to the competition between the demagnetizing field and the shape anisotropy field (caused by the reduced width) due to which the
spins tend to align along the respective arms. The power
maps for different modes and phase map of mode 10 are presented in Fig. 4(d). It shows that the lower frequency modes
(mode 1-mode 3) reside at the pole region (near the diagonal) and they are also quantized along the diagonal. The
higher frequency modes (mode 4 to mode 10) are quantized
azimuthal modes. Here, the modes with relatively lower azimuthal nodes are observed in two vertical arms of the ring.
As the quantization number increases, the spatial profiles of
the modes advance to the horizontal arms of the ring. Here,
also the quantization number goes up to very high value
(near 42) starting from 12.
To understand the role of inter-ring magnetostatic coupling on the spin dynamics, we have calculated the magnetostatic field distributions of the simulated magnetostatic field
for each ring array.32 Calculation shows negligible interaction amongst the ring elements and a variation in the internal
field for different ring arrays, which in turn gets reflected in
the variation of spin-wave modes for ring arrays with different ring width.
IV. CONCLUSIONS

In conclusion, we have studied the internal-field driven
ultrafast magnetization dynamics of Py square nanorings
with varying ring width. Rich spectra of quantized spinwaves are observed for these samples, which depend
strongly on the width of the ring. The micromagnetic simulations qualitatively reproduced all the modes present in the
frequency spectra. The simulated power and phase maps
show that the ring with the largest width (300 nm) exhibits
quantization along the direction of the external magnetic field,
whereas the ring with smallest width (100 nm) shows azimuthal quantization. The ring with 200 nm width contains
mixed modes with quantization along both the external field
and the azimuthal direction. The transition between different
types of quantized modes within the nanoring by varying ring
width is attributed to the inhomogeneity of the internal field,
which shows a transition from an "onion state superimposed
on a flower state" to "pronounced onion state" as the ring
width decreases. The simulated magnetostatic fields within
the nanoring arrays show that the elements are mostly noninteracting. The tunability of different types of quantized spinwave modes with ring width will be useful for the future
applications of ferromagnetic nanorings in high speed storage
and memory devices and for microwave applications.
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