Spin wave wavevector up-conversion in Y-shaped Permalloy structures
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Spin waves in micrometer-sized, patterned Y-shaped Permalloy structures were
studied using micro-focus Brillouin light scattering (BLS) with a magnetic field
applied in-plane. For in-plane magnetized thin films and microstrips, the dispersion
relations depend on the angle of the magnetization with respect to the microstrip
axis. BLS measurements show that spin waves generated in the two arms that form
the top of the Y structure can be channeled into a longer magnetic microstrip that
forms the base when the applied field is oriented perpendicular to the long axis of
the base. In this configuration, the base supports surface spin waves. A comparison
of the BLS data with micromagnetic simulations reveals that low-k spin waves
generated by a microstrip antenna in the arms are converted to higher-k spin waves

in the base, which may be useful for nanomagnonic applications.



Spin waves, also known as magnons, are propagating magnetic excitations that can be used
to transmit information and carry out logic operations.!? The past decade has seen an increase in
research on magnonic devices.>* These devices are ideal for microwave circuits and device
miniaturization because spin waves span the gigahertz regime with wavelengths on the order of
micrometers. A variety of devices have been proposed including spin wave-based logic devices
that leverage interference effects.”!3 For any such devices, understanding how spin waves come
together at a junction is important, and new strategies for efficiently generating spin waves,
especially short-wavelength/high-wavevector k spin waves, are needed to move devices into the
nanoscale regime.

Oersted fields from microstrip antennas are commonly used to create spin waves. Antennas
do not, however, scale favorably. The largest k that can be practically generated by an antenna is
Kmax~T/Wan Where wy,, is the antenna width, and since the antenna resistance is also proportional
to 1/w,,, heating becomes a significant issue for nanoscale antennas.!* Magnetic gratings'®> and
parametric pumping!® have been employed to obtain large-k spin waves; however, the former
method relies on the use of a second material that must be carefully chosen to obtain a grating
resonance frequency that matches the frequency of the desired k in the device, and the latter
requires high microwave powers. Another approach to obtain high-k spin waves that avoids these
complications is to exploit the characteristics of the dispersion relations for magnetic microstrips.
For example, the dispersion relations of a magnetic microstrip are sensitive to geometric
confinement,!” and studies done on tapered waveguides show that the k of a traveling spin wave

will increase as the waveguide width is reduced.!® The dispersion relations for in-plane magnetized

thin films and microstrips also differ depending on the angle between the static magnetization Mo



and k due to the internal demagnetization fields'’, and, as will be shown, this provides new
opportunities to manipulate k.

In this work, Brillouin light scattering (BLS) measurements done on Y-shaped magnetic
structures show that channeling spin waves through a transition in the spin wave dispersion

environment provides a new strategy to obtain higher-k spin waves. Spin wave propagation studies
are often done in the magnetostatic surface wave or Damon Eshbach (DE) configuration with M o L

k. In fact, a method to maintain this configuration through curved waveguides to allow surface
spin waves to travel around bends has been demonstrated,’>?! and the changing dispersion
environment can be used to selectively permit or block the passage of spin waves through branches
of a Y-shaped structure.?! Here, measurements and simulations are conducted that demonstrate
that Y structures also offer new opportunities to increase k, since low-k spin waves generated in
the arms of the Y will convert to higher-k surface spin waves in the DE-magnetized base.

Spin wave propagation was studied in a 40-nm thick NigoFezo (Permalloy) Y-shaped
structure made up of microstrips with widths of w = 2.7 um, illustrated in Fig. 1(a). Throughout
the work presented here, the Y structure is rotated by 90° counterclockwise, and the two arms that
form the top of the letter “Y” are referred to as the top and bottom arms based on their locations
after rotation. The top and bottom arms are at angles of —45° and +45° with respect to the x-
direction, respectively, and the arms merge into the base of the Y that extends along the x-direction
at a distance of xy = 1.75 um. All distances x are measured from the edge of the antenna. A 300-
nm thick, 10-um wide gold microstrip antenna, separated from the Permalloy structure by a 100-
nm thick SiO> insulating layer, was used to excite spin waves. An external magnetic field of uyH
= 60 mT was applied in the +y-direction and spin waves were detected with micro-focus BLS.?*-

24 An objective (magnification 100x, numerical aperture = 0.75) is used to focus a laser



(wavelength of 532 nm) on the structure with a spatial resolution of approximately 300 nm, and
the BLS signal is obtained by analyzing the backscattered light using a 6-pass tandem Fabry-Perot
interferometer. The BLS signal was monitored as a function of the microwave frequency f
supplied to the antenna to excite spin waves in the top and bottom arms, and the sample position
was scanned with respect to the BLS probe laser to obtain two-dimensional spatial maps of the
spin wave intensities.

Micromagnetic simulations were conducted using MuMax3?> and compared to the
experimental results. Simulations were done with a static magnetic field of uoH = 60 mT for three
cases: a long, straight 40-nm thick and 2.7-um wide Permalloy microstrip with H applied in-plane
and at 90° and 45° to the the long axis of the microstrip, and a Y-shaped structure with the same
dimensions as the sample. These geometries will be referred to as the 90°, 45°, and Y cases,
respectively. Material parameters appropriate for Permalloy were used: saturation magnetization
Mg = 8 X 10° A/m, exchange A, = 1.3 x 107!! J/m, a damping parameter of @ = 0.01, and
anisotropy was neglected. Dynamic magnetic fields were applied in-plane and perpendicular to the
antenna axis within a 2-um wide region; the antenna width was reduced to 100 nm to obtain spin
wave dispersion relations. For the straight microstrip (90° and 45° cases), the antenna axis is set
parallel to H, while for the Y-structure the antenna is oriented as shown in Fig. 1(a) and simulations
were performed with H along y and misaligned by an angle of —3° (i.e., H, = —Hsin(3°)). Cells
of 21 x 21 x 40 nm? were used. This is small compared to the wavelengths of interest and selected
simulations repeated with half-sized cells yield the same results. A broadband sinc pulse was used
to obtain the amplitude response as a function of frequency and spin wave dispersion relations. To
understand the spin wave excitation patterns, simulations using a sinusoidal excitation field at the

frequency of the peak response amplitude were also done and spin wave mode maps were obtained



by analyzing the magnetization over one period after a steady state response was reached (after 50
periods).

Figure 1(b) shows BLS measurements as a function of f obtained at x = 1 um on each arm
of the Y structure, and Fig. 1(c) shows the corresponding dataset obtained in the base of the Y at
x =5 um at the midpoint of the microstrip (y = 0). The BLS counts in Figs. 1(b) and (c) are
integrated counts over frequencies near f minus the corresponding integrated background counts
obtained with the driving frequency turned off, also normalized by a reference signal. A single
peak is observed for each of the top and bottom arms (Fig. 1(b)) at 7.47 + 0.05 GHz and 7.34 +
0.05 GHz, respectively. The signal in the base of the Y, in contrast, shows two broad peaks: a
lower frequency peak that is centered at 6.37 £ 0.05 GHz and a higher frequency peak that extends
from 7.3 to 7.8 GHz and overlaps with the signals observed in the arms.

Figure 1(d) shows micromagnetic simulations for the considered cases (90°, 45°, and Y)
where the amplitudes of the Fourier transform of the z-component of the magnetic responses are
shown as a function of f. Single peaks are observed for each case. The peaks for the 45° and Y
cases are both at f = 7.25 GHz, which is close to the peaks observed in the arms (Fig. 1(b)) and
the higher frequency peak observed in the base (Fig. 1(c)). The peak for the 90° case is at 6.35
GHz, which overlaps with the lower frequency peak observed in Fig. 1(c). This suggests that the
lower frequency peak in Fig. 1(c) is due to spin waves that are excited in the base of the Y by the
long-range Oersted fields of the antenna. Notably the higher frequency peak in Fig. 1(c) (7.3 to
7.8 GHz) is absent for the 90° case but present for the Y case, hence the high frequency peak in
Fig. 1(c) is due to spin waves that have traveled into the base from the arms.

The peak frequencies observed for the top and bottom arms (Fig. 1(b)) are slightly

different. Additional simulations show that a 200 nm variation in w, the experimental uncertainty



in w, leads to a 0.03 GHz frequency difference, while a misalignment of H by +3°, the
experimental uncertainty, leads to a shift of 0.09 GHz as well as a change in the amplitude that is
comparable to what is observed experimentally. Therefore a misalignment of H by ~3° is likely
the cause of the differences in the signals between the two arms.

Figure 2(a) shows a two-dimensional spatial BLS scan of the Y-structure taken at f = 7.40
GHz, a frequency between the peaks of the two arms (Fig. 1(b)). Strong spin wave signals are
observed in the arms that proceed past the junction, confirming that the signals generated in the
arms propagate into the base. Although the spin wave intensities decrease with increasing x (Fig.
2(b)), the signal is above background out to the farthest measured distance (x = 7 um). Simulations
of the spin wave amplitudes (Fig. 2(c)) show that the spin waves propagate considerably farther to
the right, the direction that includes the junction and base (positive x), as compared to the left,
where the microstrips continue at 45° with respect to H (negative x). The signal vs. +x shows
periodic decreases in intensity in the base at intervals of approximately 6 um due to interference
of width-quantized spin wave modes,?® and a dip in the experimental signal is observed at a similar
distance as compared to the first dip in the simulations (x =5 um).

Spin wave dispersion relations were calculated using micromagnetic simulations for the
90° and 45° cases (Figs. 3(a) and (b), respectively). The width of the antenna region was reduced
to 100 nm to obtain a broader range of excited k;, where k; is the wavevector parallel to the
microstrip axis, and dispersion relations were obtained by taking two-dimensional Fourier
transforms of the out-of-plane component of the magnetization m, vs. x and time. The spin wave
dispersion relations in Fig. 3 show the available states at a given frequency as well as the relative
excitation amplitudes of the allowed modes. The strongest responses in Fig. 3(a) and (b) are the

lowest-order, width-quantized modes, and the weaker responses are higher-order, (odd only)



width-quantized modes. For the 90° case (Fig. 3(a), the DE geometry), continuous dispersion
relations are obtained that agree with analytical calculations that assume quantization of the
wavevectors along w.!*2® The analytical theories that have been developed for microstrips are for
high symmetry field directions so Fig. 3(b) only includes micromagnetic simulations.

Unlike the 90° case, the dispersion relations for the 45° case (Fig. 3(b)) are made up of sets
of disconnected sections, which suggests that there are additional quantization effects. As shown
in animations included as Supplemental Materials, the spin wave modes have backward volume
characteristics, which is consistent with the slopes (negative for k; > 0 and positive for k; < 0)
of the bright sections that make up the lowest-order dispersion relation. The frequency of the
strongest peaks in Fig. 1(d) (f = 7.25 GHz, white dashed lines in Figs. 3(a) and (b)) corresponds
to k; ~ 0 for the 45° case and k; = 1.1 rad/um for the 90° case, hence spin waves excited at the
peak frequency of the 45°-oriented arms must shift to higher k; in order to propagate past the
junction of the Y. The dispersion curves in Fig. 3 suggest that increasing f will lead to similar up-
conversion in k; and consequently a larger k; in the base. Analytical calculations presented in the
Supplemental Materials show that up-conversion magnitudes of >70 rad/um are expected for
smaller w.

Simulations of the spin wave modes at f = 7.25 GHz were done to further understand the
mode conversion process in the Y structures. Figures 3(c) and (d) show amplitude maps of the
modes and corresponding snapshots of m, at a fixed time for H along the antenna and misaligned
by —3°, respectively. The dark/bright/dark contrast across the microstrip width in the inset of Fig.
3(c), e.g., at x = 5 um, and the bumps observed in Fig. 2(c) are due to interference of two odd
width-quantized modes (n = 1 and 3) beyond the junction. The central bright area has a larger

magnitude than the dark areas at x = 5 um due to constructive interference in the center of the



microstrip (also seen in animations, Supplemental Materials). The approximate k; obtained from
analysis of the inset to Fig. 3(c) is 2.1 rad/um, which matches the k; for the n = 3 mode in the
dispersion relation (Fig. 3(a)).

The amplitude vs. frequency response suggests that experimentally H is slightly misaligned
by —3°, and Figure 3(d) shows that the misalignment of H leads to a slight difference in excitation
amplitudes in the two arms, which is consistent with experimental results (Fig. 2a). The
experimental data in Fig. 2(a) demonstrate that the generated spin waves continue into the base,
which is consistent with the simulations, however, it is difficult to compare the excitation patterns
directly in this region due to the limited scan range in the experiment. Interestingly, Fig. 3(d) (and
the corresponding animation in the Supplemental Materials) shows an even n =2 width-quantized
excitation, a mode that is not directly excited by an antenna, which suggests that the field angle
can provide a means to control the dominant mode.

The Y structures may offer excitation efficiency advantages over direct excitation by an
antenna. In Fig. 1(d), the peak amplitudes for the 45° case is more than a factor of two higher as
compared to the 90° case. These simulations have the same excitation field and microstrip length
and this amplitude difference reflects a difference in the excitation efficiencies. (The Y structure
simulations cover a larger area so the amplitude cannot be directly compared to the other cases).
The excitation efficiency for spin waves is lower in the magnetostatic backward volume wave
configuration (H at 0°) as compared to the DE configuration (H at 90°)*>”® in the absence of a
change in the antenna orientation. Here the torque is larger for the 45° case because the antenna is
tilted, but the excitation area is increased by less than a factor of two over the 90° case, hence
additional quantization effects may also contribute to the increased amplitude for the 45° case, as

suggested by the dispersion relation (Fig. 3(b)).



In summary, micro-focus BLS measurements and micromagnetic simulations show that
spin waves excited in the arms of a Y-shaped Permalloy structure will converge and continue past
the junction, where measurable signals were detected out to x = 7 um. The spin waves are able to
propagate past the junction because states are available at the excitation frequency in both the arms
and the base of the Y, and furthermore, since the states in the base have a larger k as compared to
the antenna-excited spin waves in the arms, the spin waves undergo up-conversion of k. The results
further suggest that the antenna-based excitation efficiency for spin waves in the arms of the Y
structure is larger than for the DE geometry, likely due to confinement effects, and mode selection
is also possible through small changes to the angle of H. Spin wave dispersion calculations suggest
that it should be possible to reach wavevectors of greater than 70 rad/um, hence these results have

important implications for the development of nanomagnonic devices.

Supplementary Materials
See supplementary materials for animations of the spin wave amplitudes and analytical

calculations of the up-conversion potential.
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Figure 1: (a) [llustration of the sample and measurement setup. The Oersted field generated
by the gold microstrip antenna was used to excite spin waves in the Permalloy Y-shaped
structure and the dynamic response of the structure was probed by BLS using a focused
laser spot. (b) Normalized BLS counts as a function of f measured at a distance of x = 1
um from the edge of the antenna in the top and bottom arms of the Y structure, and (c) at
the vertical center of the base of the Y at x = 5 um, just to the right of where the base
begins. The lines connecting the data points are provided to guide the eye. (d) Simulations
of the amplitude vs. frequency response for a straight microstrip with H at 90° and 45° (90°

and 45° cases), and for the Y structure (Y case).
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Figure 2: (a) Two-dimensional spatial BLS scan showing spin wave propagation in the Y structure
for f = 7.40 GHz. (b) BLS counts from (a) integrated over y and shown as a function of x. The
lines connecting the data points are provided to guide the eye. (c) The amplitude response
integrated over y for simulations of the mode at f = 7.25 GHz, the peak frequency in Fig. 1(d).
The responses are shown for the positive direction (pos.) that matches the experiment and for the

negative direction (neg.) that corresponds to a continuation of the arms (see Fig. 1(a)).
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Figure 3: Spin wave dispersion curves obtained using micromagnetic simulations are shown for
the (a) 90° and (b) 45° cases. Analytical calculations of the spin wave dispersion relations for the
three lowest-order, odd, width-quantized modes are superimposed in (a) for k; > 0 (black straight,
purple dotted, and blue dashed are for modes n = 1, 3, and 5, respectively), and horizontal dashed
lines at f = 7.25 GHz are shown in (a) and (b). Spin wave amplitude maps at f = 7.25 GHz for the
Y case are shown in (c) and (d) with H applied along the antenna and at an angle of —3° with
respect to the antenna, respectively. The insets show corresponding snapshots of m, at an instant

in time.
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