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ABSTRACT

We report the effect of thickness and width on the spin wave transport and dispersion characteristics of permalloy (Py) microstripes using
analytical calculations and experiments. Py waveguides with widths ranging from 2 to 4 um were fabricated for two different thicknesses: 5
and 20 nm. Our results show a notable increase in the group velocity of spin waves with greater thickness, showing a fourfold rise as the
thickness increases. Additionally, the accessible frequency range expands from 0.6 to 2.5 GHz as the thickness increases. We find that

w
the spin wave mode frequency is affected by both thickness and width, with a frequency shift of approximately 0.2 GHz observed when the o
width increases from 2 to 4 um. Moreover, spin waves decay more rapidly in thinner films, with the decay length of 20 nm-thick waveguides g
being four times longer than that of 5nm-thick waveguides. Thicker and wider waveguides provide a longer decay length, facilitating the
transmission of information over longer distances without significant energy loss. Our study offers an understanding of the spin wave X
ropagation in microstrip waveguides and its potential in the development of future magnonic devices. @
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I. INTRODUCTION The self-focusing effect'® in permalloy (Py) microstripe wave-
Magnonics is an emerging research field focused on the trans- guldfes 1S an interesting 'phenomenf)n 1 spinwave ‘propagatlon
. . . . . . studies. Spin waves experience focusing at a specific distance from
port and information processing of spin waves, which are collective oF A . A
o . . . the excitation antenna, which is determined by the width of the
excitations of electron spins in a magnetic material. One of the key . o .
. . . S - . wire. The quantization of several modes along the width of the
challenges in developing magnonic devices is achieving efficient . . . . ,
. . > . . microstripe and their copropagation can lead to interference effects.
information transport using spin-based mechanisms. In metals, the C . L . .
. . ; - ) ; onsequently, this can cause periodic focusing and defocusing
high spin relaxation rate causes the information carried out by elec- . . 17 .

B larizati be 1 ithi R aki effects on spin waves along the axis of the stripe. * The spin wave
t1jon Spin po arization t.O ¢ lost within a few nanome{ters, maxing propagation can be well controlled by the modulation in width,
d1r.ect spin transp o.rt difficult. However, the Trecent d.1sc0very that thereby tuning the internal magnetic field. A spin wave can be split
spin wave-based spin currents are capable of information transport into two individual beams using a width-modulated stripe, which
over long ranges has generated significant interest in the studies can be considered in developing a spin wave splitter.® The phe-

. . 1-3 . .
related to spin wave propagation. — Magnonic devices have great nomena such as spin wave lateral quantization and spin wave wells
potential to revolutionize Boolean'™" and neuromorphic™* comput- have also been reported in microstripe waveguides.'””’ There are
ing applications. These devices rely on waveguides for the propaga- also waveguide types that do not require any external bias magnetic
tion of spin waves. Waveguides based on metallic ferromagnetic ~ field.”'~* Recent studies on thicker Py waveguides show that
films’™"” are widely used due to the ease of scaling them down to  the decay length decreases with the increase in the thickness for
nanometer dimensions and integrating them with standard semi- thicknesses beyond 200nm.”” This is due to the additional
conductor technology. damping induced by the electrical conductivity of metallic films.
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A width-dependent study on Py waveguides reveals that waveguides
with a width <5 um exhibit a rapid change in the intensity with the
width due to the influence of shape anisotropy.”® However, these
studies are based on electrical measurements where magnons with
very small wave vectors can be excited, as the antenna width is very
large. Overall, past studies indicate that spin wave propagation is
highly sensitive to the geometry of the waveguide, specifically
its thickness and width. Although various research groups have
investigated different geometries of Py micro-waveguide stripes, a
systematic analysis of the combined influence of width and thick-
ness on spin wave propagation is still lacking.

Here, we present a systematic study on the effect of the width and
thickness of the Py microstripe waveguide on spin wave propagation
using both analytical calculations and experiments. Py stripes of
widths ranging from 2 to 4 um and thicknesses 5 and 20 nm were fab-
ricated using lithography techniques. Spin waves were excited via a
shorted coplanar waveguide (CPW) in Damon-Eshbach (DE) propa-
gation geometry. We observed a significant increase in the group veloc-
ity of spin waves with an increase in the thickness of Py. Additionally,
the spin wave mode frequencies increased due to the reduction in
demagnetizing fields with greater width. Furthermore, we found that
the decay length is sensitive to both thickness and width, with spin
waves propagating over longer distances in wider, thicker waveguides.

Il. METHODS

Figure 1(a) shows the schematic of the simplified microfo-
cused Brillouin light scattering (u-BLS) experiment where a 532 nm
laser (Spectra-Physics) beam is focused down to ~250 nm using a
%100 objective with a large numerical aperture, NA =0.75. The
magnetic scattering beam from the waveguide is collected by the
same objective and is directed to a multi-pass tandem Fabry-Perot
interferometer (TFP-HC, JRS Scientific) for the detection of spin
waves. A collinear white light and CCD camera setup are employed
to visualize the sample and ensure the positional stability of the
beam by measuring the reflected laser intensity from the waveguide
using a feedback loop mechanism. Spin waves are excited by a
shorted CPW connected to a frequency generator (Anritsu), which
facilitates the excitation of spin waves in the micro-waveguides. The
intensity of the BLS signal is proportional to the square of the
dynamic magnetization under the laser spot. Further details of the
u-BLS experiment can be found elsewhere.”” A uniform static field
is applied along the width of the microstripes, satisfying the propa-
gation geometry of the DE’® spin waves. Spin waves in this geome-
try are width quantized and possess large group velocity.”

The scanning electron microscopy (SEM) image of the sample,
including the antenna, is shown in Fig. 1(b). Waveguides with two
different thicknesses (t=5 and 20 nm) were fabricated for three dif-
ferent widths (w=2, 3, and 4 um). Additionally, 100 nm-thick and
1 um-wide Au stripes were fabricated on top of the Py stripes. Py
micro-waveguides and the narrower part of the excitation antenna
are fabricated using the electron beam lithography technique fol-
lowed by the lift-off process. The larger contact pad for the excita-
tion antenna was fabricated using the photolithography technique.
Note that Cr is used as a seed layer for the good adhesion of both
Py and Au to the Si substrate. Py films were deposited using e-beam
evaporation technique at a base pressure of 2 x 108 Torr.

ARTICLE pubs.aip.org/aip/jap

I1l. RESULTS AND DISCUSSION

Figure 1(c) shows the spatial Fourier transform of the excita-
tion field distribution of the antenna, given by,
haer (Ky) = ﬁooo he(x)exp(iK,x)dx.”” The function |hk,| exhibits a
clear minimum at K, :2—;’, where d is the width of the stripe
antenna used. The excitation efficiency vanishes at this point.

The dispersion curves for spin waves propagating in Py stripes
are calculated using the following equation:

o = (Qpx + Om — OpPpi)(Qpk + @y Ppisin® ), (1)

where Qg = yH + oyaKj; 0, = yMg and Kj = xj + Kg. Here,
y is the gyromagnetic ratio, H is the applied external field, M; is
the saturation magnetization, « is the exchange constant, and Kj is
the total spin wave vector. Kz has out-of-plane (k) and in-plane
(K;) wave vector components. K is quantized as x5 = =7, where
is the quantization number along the thickness. On the other hand,
K; has components along the length (K,) and width (K,,) direc-
tions. K; can be expressed as KZ = K2 + K2. Note that K,, is quan-
tized as K,, = %, where m is the quantization number along the
width. We have considered the most intense first-order mode, i.e.,
m = 1. ¢ is the angle between H and K;. The expansion of polyno-
mial Pg and detailed derivation of these expressions can be found
elsewhere.”' > Standard parameters of Py are used for calculations:
M,=8x10° A/m and a =13 x 107"?J/m. Figure 2(a) describes the
spin wave dispersion relation of 5nm-thick Py microstripes for
various widths at 110 mT. The dotted lines correspond to the limit
of antenna excitation efficiency. The inset represents a zoomed-in
view of the region near zero in the dispersion curve. It is found
that the slope of the curve for wider stripes increases at a higher

rate in this region. A similar plot of the dispersion curve for Py :
stripes of various widths, with a thickness of 20 nm, is shown in ¢

Fig. 2(b). One may notice a slight increase in the cut-off frequency
(at K, =0) when the waveguide width is increased from 2 to 4 um
for a 5 nm-thick waveguide. This shift is attributed to the decreas-
ing demagnetizing field along the width as the width increases,
leading to a larger effective internal field along the width. The
cut-off frequencies exhibit a more prominent shift with the width
for higher thickness. It increases from 9.4 to 9.6 GHz with the
width. Note that the external field is applied along the width of the
waveguides. On the other hand, for a given waveguide width, the
cut-off frequency is slightly smaller for the thicker waveguide. It
follows from the fact that the demagnetization field along the thick-
ness decreases with increasing thickness, which results in a larger
demagnetization field along the width, leading to a reduced effec-
tive internal field along the width. The figure clearly shows that an
increase in the thickness significantly alters the dispersion curve.
Specifically, the slope of the curve, or the group velocity (v,),
sharply increases with greater thickness. Consequently, the range of
accessible frequencies also expands. For a 5nm-thick and
2 um-wide stripe, the accessible frequency range is between 9.7 and
10.3 GHz. In contrast, for a 20 nm-thick and 2 ym-wide stripe, the
range extends from 9.4 to 11.5 GHz. It is also to be noted that the
cut-off frequencies for a particular width have decreased with
increasing thickness. The calculated v, of the spin waves as a
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FIG. 1. (a) Schematic of the u-BLS experiment. The incoming laser beam is focused using a x100 objective onto the sample placed on a nanopositioning stage. A mag-
netic field is applied along the Y-axis. Spin waves are excited using a shorted CPW, which is connected to an RF signal generator. The scattered beam from the sample is
fed to the interferometer with the help of a polarizing beam splitter. A colinear arrangement of the camera and white light is used for visualization and stabilization. The
components marked with an asterisk are connected to the computer. A zoomed-in view of the sample indicates the direction of the RF field, applied magnetic field, and
propagating spin waves. (b) SEM image of the sample along with the excitation antenna. (c) Spatial Fourier transform of the antenna field normalized with respect to that

at K, =0.

function wave vector for different width at t=5nm and t=20nm
is plotted in Figs. 2(c) and 2(d), respectively. v, is calculated using
the equation given by

ow

Ve

It is evident from the figure that the v, of the spin waves
exhibits a notable increase with the thickness. The v, of the wires

increases fourfold when the thickness increases from 5 to 20 nm. v,
also shows an increasing trend with the width for both the thick-
nesses up to a certain wave vector, beyond which it decreases.
These interesting features in the spin wave dispersion relation
led us to carry out a detailed experimental analysis of the effect of
width and thickness on the Py waveguides. The 2D BLS spectra of
the 5nm-thick Py waveguide for various widths are shown in
Fig. 3(a). The stripe was initially saturated at a higher field, and
BLS spectra were acquired for magnetic fields ranging from 220 to
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FIG. 2. Dispersion characteristics of the first-order spin wave modes for various widths of stripes for thickness (a) 5 and (b) 20 nm at 110 mT. The calculated group velocity
of first-order spin wave modes for various widths of stripes and thicknesses (c) 5 and (d) 20 nm at 110 mT. The dotted lines indicate the cut-off wave vector corresponding

to the excitation antenna.

20 mT with a step of 10 mT by sweeping the frequency from 3 to
20 GHz in a step of 0.5 GHz. The spectra were measured with the
laser spot positioned 1um away from the excitation antenna,
approximately in the middle of the stripe. The intensity of the

inelastic signal was normalized against the elastic signal to account
for any fluctuations in laser intensity. We observe a clear increase
in the intensity of the spectra with increased thickness. The nor-
malized BLS spectra for 5 nm-thick Py stripe, for various widths at
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FIG. 3. 2D BLS spectra of microstripes with varying width for thicknesses (a) 5 and (c) 20 nm. The color bar indicating the intensity of the BLS signal is given adjacent to
the plots. The normalized BLS spectra at 110 mT for thicknesses (b) 5 and (d) 20 nm, with variable width. The solid lines represent fit to the experimental data using a

Lorentzian function.

110 mT, are shown in Fig. 3(b). The experimental data were fitted
using a Lorentzian curve, and the peaks exhibited a slight shift
toward higher frequencies with increasing width. The frequency
increased from 8.7 to 8.9 GHz as the width varied from 2 to 4 um.
This shift is attributed to the changes in the internal field. As the
width increases, the demagnetizing field associated with the micro-
stripe decreases, resulting in a higher frequency. It is also to be
noted that the linewidth of the peak decreases with increasing
width. A similar plot showing the variation in the width for
20 nm-thick stripes is shown in Fig. 3(d). The FWHM calculated
from the Lorentzian fit reveals that the linewidth decreases from
1.5 to 0.8GHz as the width increases from 2 to 4um for
5 nm-thick microstripes. However, the linewidth variation with
width is insignificant for a 20 nm-thick microstripe waveguide. The
spin wave mode frequency is almost 1 GHz higher when the thick-
ness is increased from 5 to 20 nm. Additionally, the BLS intensity
is one order of magnitude higher for the 20 nm-thick waveguides.
Decay length is a crucial factor in spin wave-based applica-
tions as it determines the distance over which information can be
transferred without significant energy loss. The stripes were excited
at their corresponding resonance frequencies for 110 mT, and the
laser spot was scanned along the middle of the stripe up to a length
of 8um in 0.1um step. The position of the wire close to the
antenna is defined as x=0. Spatial decay of the spin waves along
the 5nm-thick and 20 nm-thick waveguides for various widths is
shown in Figs. 4(a) and 4(b). It can be observed that the intensity

of spin waves decays significantly within a short distance from the
antenna in the 5nm-thick stripes, whereas this decay is more
gradual in 20 nm-thick waveguides. The slight irregularities close to
the excitation antenna for 20 nm-thick waveguides can be attrib-
uted to the interference of multiple modes.

The decay characteristic can be fitted with the following expo-
nential function:

I(x) = Ae 5 + I, 3)
where x is the propagation coordinate, I(x) is the intensity obtained
from experiments, Ap is the decay length, and I, is the offset. The
decay length obtained from the fit for both the thickness as a func-
tion of width is plotted in Fig. 4(c). The decay length slightly
increases with width in both cases. Additionally, the decay length is
more than tripled with the increase in the thickness, which can be
attributed to the significant increase in the group velocity of spin
waves with the thickness as observed from the dispersion curve, as
shown in Figs. 2(c) and 2(d). We have also calculated the decay
length of the microstripe using the following equation:
Ve

4)

Ap = s
b 20060

where ag is the Gilbert damping parameter and o is the spin wave
frequency. The open symbols in Fig. 4 represent the calculated
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decay length values. The experimental results agree with the calcu-
lated decay length values.

To gain further insight into spin wave propagation, a 2D
41-BLS image was acquired for all the samples (Fig. 5). The laser
spot was scanned over an 8 um length range in 200 nm steps along
the length and 100nm steps along the width of the stripe.
Measurements were conducted at goH =110 mT and the corre-
sponding frequencies with maximum intensity [as in Fig. 3(c)] for
each width, i.e., frequency, f=9.9, 10.1, and 10.2 GHz for w=2, 3,
and 4 um, respectively. The plots are presented on a logarithmic
scale. The decay is not uniform along the width of the stripe when
moving away from the antenna. The decay rate is very high at the
edges when compared to the middle of the stripe. This shaped
beam can be a result of the focusing effect on the stripes and
energy dissipation.'® It is also evident from the figures that the spin
wave propagates to a farther distance with the increase in the
width. This is consistent with the analytical predictions as shown
in Figs. 2(a)-2(d).

IV. CONCLUSION

To summarize, we have conducted a systematic, comprehen-
sive investigation on the effect of the thickness and width of the Py
microstripe waveguides on the spin propagation characteristics. Py
microstripes of width 2, 3, and 4 um were fabricated for two thick-
nesses: 5 and 20 nm. Spin waves were directly probed using the
41-BLS technique. Analytical studies revealed a substantial increase
in the group velocity of spin waves with increased waveguide thick-
ness. The group velocity increased fourfold with the thickness.
Additionally, the range of accessible frequencies increased with
thickness. The accessible frequency range for a 5nm-thick and
2um-wide stripe was 0.6 GHz, whereas it was 2.1 GHz for a
20 nm-thick and 2 um-wide stripe. The frequency of the spin wave
mode was also found to be sensitive to the width of the microstripe
due to changes in the demagnetizing fields within the stripe, with a
0.2 GHz increase observed when the width was varied from 2 to
4 um. Furthermore, the spin wave intensity increased significantly
with thickness by an order of magnitude. The decay length was
found to be tunable by changing the width and thickness of the
waveguide. The decay length of the 20 nm-thick waveguide was
four times that of the 5nm-thick waveguide, suggesting that spin
waves in thicker and wider waveguides can propagate longer dis-
tances. Our findings offer valuable insights into fundamental
aspects of spin wave propagation in microstripe waveguides and
have important implications for future magnonic devices.
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