Direct Mapping of Spin Wave Modes of Individual NisoFe2o Nanorings
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Abstract

Ferromagnetic nanorings exhibit tunable magnetic states with unique magnetization reversal
processes and dynamic behavior that can be exploited in data storage and madegyvioeg
Traditionally, probing the magnetization dynamics of individual ferromagnetic nanorings and
mapping the resonance modes has proved challenging. In this studyfanicsed Brillouin light
scattering spectroscopy is used to directly map the wpiwe modes and their intensities in
nanorings as a function of ring width and applied magnetic field. Micromagnetic simulations
provide further insights into the experimental observations and are in good agreement with the
experimental results. These rktsucan help in improving the understanding of spin wave

confinement in single elements for magnonic devices and waveguides.
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1. Introduction

The static and dynamic behavioirmicro or nano sized magnetic rings are of significant
scientific interest since reports emerged highlighting its applications for data $tosage
Biosensorg?2]. Nanometer sized ferromagnetic metal rings with varying widths and thicknesses
exhibit avariety of magnetic states, switching behavior and spin dynamics, which can be modified
by changing the geometry, material composition or applied [&h)5]. Properly tuned, these
rings at remanence are able to show a range of stable magnetic stai@s theconion state (OS)
or the flux closed vortex state (VE§]. This fluxclosure VS is especially interesting since the
magnetization (M) follows the ring edges either in a clockwise or coutdekwise direction.
Previously, the static behavior ofagnetic rings including circuldi7,8,9], elliptical [10,11] and
rectangular ringgl2,13] were extensively investigated. The switching properties of ferromagnetic
ring elements have also been studied via magnetoresistance (MR) measufe&Esis]. MR
is a very useful method to study the static behavior of nanorings since the MR signal does not
diminish with decreasing elemental size, it possible to make resistive measurements on a single
element.However, for the dynamic properties, decreasingrihg size reduces the magnetic
moments which significantly reduces the signal in conventional ferromagnetic resonance (FMR)
measurements. Hence to study magnetization dynamics of nanorings using Vector network
analyzer (VNA}Coplanar waveguide (CPW) mettef 17,18] or Brillouin light scattering (BLS)
methodg[19], array of nanorings are mainly used. These measurement approaches are however
not very suitable for the detection of dynamics of Individual rings or for direct mapping ef spin
wave intensity distribtions. These limitations can be overcome by using a rdiccosed BLS
technique. Time resolved Magnet@ptical Kerr Effect (MOKE) spectroscopy is also another

commonly used optical technique to detect magnetization dynamics in nanostr{20.2é&k



These techniques help in understanding the dynamics of magnetic nanorings which is needed for

the development of logil22] and microwave devicd23].

In conventimal BLS technique, the laser fscused on an area of several tens of
micrometersHowever in this micrefocused BLS techniqube laser spot is almost about 250 nm
and the scattered light is collected from thighly focusedareaand analyzedThis technique thus
hasa high spatial resolution anohe carelso obtain awo-dimensional spikwaveintensity map

consequenthachieving a direct visualization of spin wadistribution

In this study, the magnetization dynamics of individual ferromagnetic nanorings is
systematically probed using miefocused BLS spectroscopy as a function of appfiettl
amplitude and ring siz&wo-dimensionalntensity map®f spinwavesweredirectlyobserved by
rasterscanning the laser on the sampléereby, aiding our fundamental understanding of the
magnetization dynamics of individual elements without thgmagostatic interactions from (he
shape of the array boundary and (ii) the lattice arrangement influencing the ring due to interaction
fields (like dipolar interactions) in the neighborhd@d,25]. The resonance frequency and the
spin wave modes wefeund to be very sensitive to subtle changes in applied field amplitude and
variation in ring widths. Micranagnetic simulations were performed to support and aid our
understanding of the experimental resulisese simulations were good agreemenwith the

experimental results.
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Figure 1. (&) Schematic of the experimental configuration for the mBIt& measurement. The laser
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beam is focused onto the sample on the signal line of the CPW. Inset: CCD camera image of the
sample. (b) SEM image of the ring the signal line. (c) Simulated hysteresis loop for th@@hick

NisoFepo ring (D = 1000 nmd = 600 nm andv=200 nm). (d) Magnetization of the ring in the Onion
state (OS) and vortex state (VS).

2. Experimental Methods and Simulation details

A single 20nmthick NisogFeo nanoring was patterned on the signal line of gresigdat
ground (GSG)Yype CPW with the ground and signal lines shorted at onel@edlirection of the
applied fieldHapp) was defxXx neddrasttbe and when placing
of the CPW was oriented along this direction. THigpwas thus perpendicular to the generated

RF magnetic fieldl§s), as shown in figure 1(a). An image of the nanoring on top of the CPW



from thechargecouple device (CCD) camera is shown in the inset of figure 1(a). The bright dot
indicates the position of the laser spdtzoonmedin scanning electron micrograph (SEM) of the
ring used to measure the dimensions of theisrgown in figure 1(b)The outer diameteD is

1000 nm while the inner diameteris 600 nm. The width of the ring = (D-d)/2is 200 nm. A
schematic of the microcused BLS experiment is also shown in figure 1{&e green cones

representative dhe monechromaticBLS laser being focused down to the ring.

Individual nanorings were patterned on the signal line of ®p& CPW using deep
ultraviolet lithography (DUV)Further details regarding tHiabrication procesarein Ref226. E-
beam evaporation was used to depB@sit5 nm) / NioFexo (20 nm)at a rate of 0.2 A/$n a chamber
with base pressure below 6 x&Torr, followed by a liftoff processThe Cr layerwas used as an
adhesive. The CPW was shorted by fabricating an adapter using optical lithqododipted by
a deposition of Cr (5 nm)/Au (200 nngnd a subsequent IHbff process.Microwaves vere
generatedby a single port signdligh frequency sourg@nritsu) in the shorted CPW using a pico
probe. The micrdocused BLS experiment uses a marwomatic laser focused down to ~250 nm
on the ring. The scattered laser beasas analysedusing asix passtandem FabrpPerot (TFP)
interferometer. Further details of theami-focused BLS setup can be found in R&f:Before
measuring the BLS spectra, the individual rings weresptaratecat 2200 OeHapp Was slowly
decreased from +1200 Oe 1b200 Oe.The spin waves were generated in the ring due to the

interaction of thés with the magnetization of the ring.

Micromagnetic simulations using the OOMMF software were perforfioretthe sample at
T = 0 K We list the simulation parameters used for th@fd (Permalloy, Py) nanoring: The
saturation magnetizatioviswas taken a800 emu/criwhile the exchange constaiiivas equated

to 13 x 107 erg/lcm.The magnetarystalline anisotropyK) can be assumed to be negligible (0



erg/cn?) in the simulations since the shape anisotropy of a patterned nanostructure is greater than

the magnetarystalline anisotropy of bulk Py. The dimensions obtained using the SEM image

were used to make the mask of the pattern. A unit cell of 5 x 5 x®Svasnused to simulate the
static magnetization. To simulate the static |

taken as 0.5 for rapid convergence. THdependent, dynamic magnetization, simulations were

performed using excitation fieldQ Q—al ongy t tier wherehp 050

Oe. Gyromagnetic ratio (y/ 2mn) was taken as 2.
0.008. The cutoff frequency for the dynamic simulations was 14 GHz. To produce a uniform
excitation in bhe frequency domain, a sinc wave was used in these simulation. Simulation results

of the magnetization dynamics were obtained in the time domain which were converted into the
frequency domain using Fast Fourier Transform (FFT). The frequencies with Mhadtillates
corresponds to the spin wave modes. The time scale data along with other simulation details can

be found in the supplementary materials
3. Results and Discussions

To understand the field evolution of the magnetization reversal procéiss mdinoring
before the BLS measurements, we simulated the hysteresisflthmmanoring using th©@ OMMF
code from NIST[28]. The ring dimensions obtained from the SEM image were used for the
simulation.As shown in figure 1(c)hte micromagnetic simulatioevealed a twestep switching.
At a largenegative saturation fieJthe magnetic momentd the ringwerealigned along the field
direction. As theapplied magneti@ield was decreased towards 0 Oe, the magnetic morstants
to relaxalongthe circumfereoe of the ring to form the OS. The first switching occurs at 300 Oe,

corresponding to the transition from the OS to VS. During this transition, one of the 180° domain



wallstravels along one arm of the ring and annihilates the other 180° domain tth&v®. The

second switching step at around 450 Oe corresponds to the transition from the VS to a reverse OS.
The reverse OS is formed due to thecleaion of a magnetic domain in the part of the ring with

the magnetization opposite to the directioHafp, which propagateso the other end dhering.

As Happ is further increased, the magnetic moments are satuoatesl againalong the field

direction. The simulated magnetization states for both the OS and VS are shown in figure 1(d).
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Figure 2. (a) BLS spectra as a function of the applied field for the ring witt200 nm. (b) Twe

dimensional BLS intensity maps overlaid with the contours of the ring for the observed modes.

In figure 2(a) the BLS spectrarom a NiggFexo nanoring ofw = 200nmis presentedor
varying magnetic fieldsFor Happ = 1000 Oe, we observed two prominent peaks at 8.0 GHz and
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12.3 GHz corresponding to position of mode A and mode B respectively. In order to identify the
mode profile, we performed@mentional (2D) rasterscanning otthe ring along th& andy axis

over an area of 2 um x 2 um. The measurd&@aps of BLS intensity overlaid with the contours

of the ring are shown in figure 2(b). Since the BeSponses proportional to thantensityof the
dynamic magnetization, modke corresponds to a large intensity of spin waves at the equatorial
regions of the ring, while for mode B the intensity is concentrated at the pole regions of the ring.
WhenHapp is decreased to 600 Oe, a weak mode at 5.8 GHz and a strong mode at 11 GHz is
observed as shown in figure 2(a). Using tHe ghaps for the modes, we have identified the two
modes by their spatial characteristics as shown in figure 2(b). The mode at 5.8 GHz corresponds
to mode A, i.e. spin waves are concentrated at the equataiahsewhile the mode at 11 GHz
corresponds to mode B, with the intensity largest at the poles. The resonance frequencies of both
mode A and B decrease as the amplitudegf is decreased. The decrease in BLS intensity for
mode A may be attributed to tlf@ct that the magnetization at the equatorial regions of the ring
tends to relax along the circumference of the ring and be parallehywithenHapp is decreased.
WhenHappis further reduced to 0 Oe, only one prominent peak at 8.4 GHz whictsponded to

mode B is observed.
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Figure 3. Experimental resonance frequency of the prominent peaks versus the applied field for the ring
with w=200 nm.Vortex state (VS) is identified whetip is betweer120 Oe and250 Oeand the Onion

state (OS) exists for rest of the field range.

The field evolution of the dynamic behavior of the rings has been systematically
investigated by sweepingapp from +1200 Oe t61200 Oewhile acquiring the BLS spectra for
every 1000e. We have extracted the resonance frequencies for modes A and B from the BLS
spectra and plotted it as a functiorHafpin figure 3. One can clearly identifywio distinct regions
associated tthe OS andhe VS. In the region marked OS, the resonance frequencies of mode A
and B are linearly dependent whhpp, whenHapp > -120 Oe. Mode B undergoes a splitting when
the VS is formed in the applied field range betwekE20 Oe and250 Oe. Thespin wave mode
splits due tothe opposite direction ohagnetizatiorat the top and bottom poles when the VS is
formed. In this magnetic state, the poles with magnetization antiparallel tdaghelirection

exhibits a negative dispersion in resonance frequedeyrQO ) while the other arm with

magnetization parallel tblapp €xhibits a positive dispersiofQ{¥O m [17]. It has been



previously reported that, the lower frequency mode in this region shows a tendency to soften when
approaching theransition to the saturated st4d®9]. This mode carthusaid in magnetization
reversal in an arm of a nano ring and has found application in micreagaised switching of

micrometric ringg30].

(a) 1000 Oe

-—

- O

Normalized BLS intensity (arb. units)

o

0
4 6 8 10 12 14 4 6 8 10 12 14
Frequency (GHz) Frequency (GHz)

Figure 4. BLS spectra for rings witltv=200 nm and 400 nm wheth,p equals (a) 1000 Oe and (b) 0 Oe.

Inserts are the corresponding to thB BLS intensity maps for mode A and B.

The effect of ring width on the dynamic behavior was also investigated by comparing BLS

responses of two rings of identical outer diamBterl000 nm with varied inner ring diameters of
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600 nm and 200 nm which corresponds to the rings with width of 2Ghdn#00nm respectively.

In figure 4(a), the resonance frequencies of modes A and B seem to converge for the nmng with

= 400 nm in contrast to the ring with = 200 nm which showed a frequency gap of 4.3 GHz
between the two modes. The resonance frequeheywde A increased from 8.0 GHz to 8.7 GHz
when ring width was increased, while the resonance frequency of mode B decreased from 12.3
GHz to 10.1 GHz. The resonance frequencies of modes A and B are determined by the ring width
due to the effect of demagtizing fields. For both the rings, the resonance in the equatorial
direction of the rings correspond to mode A. Mode B corresponds to the orientatiotHyghen

was oriented parallel to the easy axis while mode A correspondsHigsfaiented along thkeard

axis. Shown as inserts are thé®2maps for the two modes. The Kitfelrmula can be used to

explain the behavior of modes A and B occurrinthatequatorial or polar sectioofthe ring31]:

Q — 0 6 00 O 6 O 0 (1)

wheref; is the resonance frequendyy, Ny and N, are the demagnetizing factors fqry andz
directionsNx+ Ny + N,= 4 /m2igthereducedy y r o0 ma g n e Miiscthe maghetization of 1
the sample along thedirection andHest is the effective field along this direction. On completely
saturating the ring along a particular directigq will be equal tdVis, the saturation magnetization.

In the case of mode A, éfHerris reduced by the internal demagnetizatidasE "Qon r " Qloa o

and hence a reduction of resonance frequency is obséted. sefers to the demagnetization
fields inside the ring structure. The demagnetization fields for thetlsamples with w=200 nm

and 400 nm are presented in the supplementagyerial Mode A experiences a larger
demagnetizing field than mode B since the moments in mode A are forced to be perpendicular to

the ring circumference. The demagnetizing fieldppasite to the magnetization and it increases
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as the width of ring decreases. Therefore, mode A experiences a lower internal field and hence
lower resonance frequency of mode A when compared with mode B. As the ring width is increased,
the internal field ad resonance frequency for mode A are expected to increase. This causes mode

A to shift to a higher frequency for the sample witk 400nm.

The BLS spectra at 0 Oe far= 200 and 400 nm are shown in figure 4(b). As expected,
the resonance frequency of deoB decreases with increase of the width of the ring. The resonance
frequencies are 8.4 and 5.9 GHzor 200 and 400 nm, respectively. The shape anisotropy field
increases as the width of the ring decreases, thus the narrownvring200nm has a higher
resonance frequency for mode B. The correspondiDg#aps for the two modes are also shown
as insets in figure 4(b)In the supplementary material, the BLS spectra from awitigD=1000

nm andw=150nm is presentedo illustrate the effect of a redtimn in ring width.
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Figure 5. Simulated dynamic spectra for rings witt/200 nmand 400 nm whehlap, equals (a) 1000 Oe
and (b) 0 Oe. Inserts are the corresponding simulai2g@j2atial mode profiles for mode A and B. Inset in

(a) forw = 400nmillustrates the simulated hysteresis logp and (d) are the static magnetization states
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for the ring withw=200 nm at 1000 Oe and 0 @&ile (e) and (f) are the static magnetization states for the

ring withw=400 nm.

Dynamic micromagnetic simulations vegperformed using OOMME&s $iown in figure 5
depicting thesimulated dynamic spectra for nanorings with= 200 nm andv = 400 nm as a
function ofHapp. These simulations were igood agreement with the experimental results shown
in figure 4. ForHapp = 1000 Oe, the resonance frequencies of mode A are 6.8 and 8.6 GHz and
mode B are 12.1 and 10.2 GHz fer= 200 and 400 nm respectively. Mode A is localized at the
equatorial regions while mode B is localized along the poles which is in agreement with our
experimental observatioMode A ismore intens¢éhan mode B for the ring @f = 400 nmbecause
the areaof resonanceés larger han that of mode B. The corresponding simulated mode profiles
are shown as ings next to the peak positioriorw=200 nm, here appears to be a satellite mode
at 7.4 GHz which can be identified as a higheter mode with nozero wave number due to the
confined geometnSatellite peaksay notbevisible in the experimental BLS response due to the
line width of the main modeeing too broaavhich makes the satellite peaks indistinguishatbie
At Happ= 0 Oe, the resonance frequency of mode B decreases from 8.0 GHz to 6.0 GHz when the
width of the ring is increased from 200 nm to 400 nm. The mode profile is similar td thatle
B at 1000 Oe and it can be seen that the-sgive intensity extends along the circumference of
the ring. These results are in good agreement with the experimental obsen/atinissnatch
between the experimental and simulated results may oridimatémperfections in the fabricated
nanoring or a minor misalignmentldfpp. A small discrepancy in these factors can affect the static

simulations which in turn can affect the dynamical simulation results.
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Conclusions

To conclude, the magnetization dynamics in individual ferromagnetic nanorings are systematically
probed using micrdocused BLS spectroscopy as a function of applied field amplitude and ring
size. Magnetization dynamics in the various osasurated regies of a nanoring were
investigated and twdimensional spikswave intensity was directly mapped by rasteanning the

laser spot on the sample. Localization of spin waves was observed in the polar and equatorial
regions. The localized spin waves were dasiiely explained using micromagnetic simulations,
which were in good agreement with the experimental results. Our demonstration of tuning the spin
wave modes by varying the ring widths may find applications in high speed storage and microwave

devices.

Supplementary Materials

In the supplementary material section A, we discuss the static and dynamic
simulations in greater details. In section B, a regular rifg=df000 nm anav= 150
nm was measured and analyzed using micromagentic simulations. The effact
defect were also discussed in this section. In section C, the BLS spectra is presented
corresponding to the location on the ring where the laser was focused. In section D,
the BLS spectruns presentedor the ring ofw = 200nmin the vortex statand in
section E, the simulated demagnetization fields of a ring=@00nm andv=400nm

is illustrated.
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