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Single-shot electrical detection of short-
wavelength magnon pulse transmission in
a magnonic thin-film waveguide
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The advance of magnon spintronics requires understanding of time-domain magnon pulse
transmission in order to develop high-speed information processing protocols. In this work, we
demonstrate single-shot electrical detection of narrow-band magnon pulse transmission in a yttrium
iron garnet thin-film delay line. The high signal-to-background ratio of magnon transmission band
allows us to directly probe the magnon transmission electrically using a fast oscilloscope and to study
its spectral evolution using Fast Fourier Transform (FFT) of the time-domain transmitted signal. At
elevated input power, we show a magnon transmission reduction and a spectral distortion, which can
be understood by the nonlinear magnon excitation in the transmission band defined by the antenna
geometry. In addition, we also find that the higher- (lower-) frequency magnon spectral component
exhibits a lower (higher) magnon group velocity, showing a dispersion agreeing with the Damon-
Eshbach dependence. Our results provide important guidance of magnon pulse engineering for their
applications in spin wave computing and coherent magnon information processing.

Magnonics provides a different degree of freedom beyond electron trans-
port for information transfer and processing'~. Because magnons carry
both amplitude and phase information, they can be utilized for wave-based
coherent information processing and logic operations. In addition, because
of the unique dispersion relationship due to magnetic dipolar and exchange
interactions’, magnon excitations can achieve short wavelength below 1 yum
while in the gigahertz frequency regime. Thus, they provide opportunities
for miniaturizing microwave circuits and breaking the physical limitation of
microwave components’, with many recent works demonstrating the
functionality of magnonics in the sub-micron length scale for both the
magnon conduit dimension and the magnon wavelength’".

One classical magnon-microwave transducer architecture is the
magnon delay line, which has been widely used for implementing magnonic
device concepts such as logic gate'*™"*, phase shifter'**” and multiplexer’'~**.
Nevertheless, most works were done with continuous-wave (CW) magnon
excitations™. In order to cultivate the potential of high-speed information
processing with magnonics, it is essential to understand the real-time
transmission properties of narrow-band magnon pulses besides CW
excitations™. This is because magnons exhibit highly nonlinear w — k

dispersion relationship and their propagation can easily lead to temporal
and spectral distortion and thus the loss of information. Up to now, most
studies of short-width pulse magnon propagation have been focusing on
optical detection such as microfocused Brillouin light scattering
(u-BLS)"*”, which is challenging as a detector for integrated circuits. In
addition, because of the fundamental limitation in scattering cross section
with y-BLS, the temporal studies of magnon transmission will inevitably
require signal accumulation over thousands of events"””. This can cause
measurement inaccuracy due to phase slip from both ambient noise and
pulse modulation, and slow down the logic operation speed with long
integration time.

In this work, we conduct single-shot electric detection of pulse magnon
transmission in a yttrium iron garnet (YIG) thin film delay line with short
pulse width, narrow bandwidth, and short wavelength. We focus on mag-
non pulse with a single carrier frequency, which is generated by mixing a
CW microwave with a square voltage pulse [Fig. 1a]. This is advantageous
for studying magnon dispersion and nonlinear properties over previous
broad-spectrum pulse voltage excitations” . The time- and frequency-
domain evolutions of the magnon pulses can be measured using a
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Fig. 1 | Schematic of electrical detection of short-wavelength magnon pulse
transmission and the transmission characteristics. a Schematic of electrical detec-
tion of short-wavelength magnon pulse transmission in a YIG delay line, with an in-plane
magnetic field Hy, parallel to the CPW direction. The optical microscope picture shows a
pair of CPWs with a length of 30 ym and a separation of d = 20 ym. b VNA measure-
ments of power density spectrum for the device shown in (a) at yoHp = 0.11 T, with the
magnon propagation direction from port 1 to port 2. ¢ Oscilloscope measurements of
time traces of a 10 ns microwave pulse excitation at different carrier frequencies, with the
same condition in (b). d, e Comparison of time traces between (d) d = 10 ym and (e)
d =20 ym with a pulse carrier frequency of w./2m = 5.42 GHz. (f) FFT of (d) and (e).

high-frequency oscilloscope and by conducting fast-Fourier transform
(FFT) of the signals, yielding important information about their nonlinear
behaviors in the temporal and spectral dimensions. With increased exci-
tation power, we show that the transmitted pulse signal experiences an
amplitude saturation and reduction along with an interesting spectral dis-
tortion in the FFT analysis, suggesting a nonlinear four-wave mixing process
in the magnon state due to Suhl instability’. In the temporal profile, we
show that different frequency components in a magnon pulse can be
separated temporally due to their difference in group velocity. Our work
reveals important time- and frequency-domain properties and nonlinear
effect of magnon pulse signal transmission for designing future high-data-
rate magnonic circuits.

The YIG delay line was fabricated using a 100 nm-thick YIG film
grown on gadolinium gallium garnet (GGG) substrate by liquid phase
epitaxy (LPE). A pair of parallel ground-signal-ground (GSG) coplanar
waveguide (CPW) antennas with Ti(5 nm)/Au(50 nm) electrodes were
fabricated on the YIG pattern by E-beam lithography for magnon excitation.
The total length of the antennas are 30 ym and their separation is d = 10 or
20 ym. The three electrodes of each GSG antennas and their gaps have an
equal width of 500 nm, leading to a maximal coupling efficiency to magnon
wavelength of ~ 2 um”’. More details about the YIG delay line can be found
in ref. 13. Figure 1a shows the diagram of the measurement circuit. A pulse
generator is used to generate a square voltage pulse with a width of 7=4,7 or
10 ns, which is then sent to a mixer for microwave pulse generation. In order
to perform single-shot magnon pulse measurements, we use two 30 dB low-

noise amplifiers connected in series, followed by a high-pass filter over
4.5 GHz to minimize low-frequency thermal noise.

Figure 1b shows the microwave transmission spectrum for the delay line
with d =20 ym measured by a vector network analyzer (VNA), with an external
field of yoHp = 0.11 T applying parallel to the CPW direction. Note that the
VNA data are without background subtraction. Under this condition, Damon-
Eshbach magnetostatic spin wave mode will be excited with the major trans-
mission direction from port 1 to 2, i.e. K [|7 X M where 7 is the surface normal
and M is the magnetization direction [Fig. 1a]. In this work, we only work with
this magnon propagating direction in order to maximize signal-to-background
ratio™. With an input power of —20 dBm, a plateau of magnon transmission
band is centered at 542 GHz with a 3 dB bandwidth of around 0.15 GHz. We
highlight that the device exhibits a spin wave transmission band which is 20 dB
higher than the background. This ensures a dominating magnon signal in the
time-domain measurements over the background radiation transmission,
which is essential for obtaining low-noise spectral analysis. As the input power is
increased to 0 dBm, well above the CW nonlinearity threshold power of
—15 dBm as determined from separate experiments, the plateau is flattened due
to the nonlinear magnon scattering. However, because the VNA measurements
only probe the response within a limited bandwidth, additional information
about nonlinear effects such as frequency broadening and temporal dispersion
of a single-frequency pulse input is missing. These characteristics can be probed
by real-time magnon pulse transmission measurements.

The measured single-shot, time-domain magnon transmission traces
are shown in Figure 1(c) from a 10-ns microwave pulse excitation at dif-
ferent carrier frequencies. The excitation microwave power is P, = — 5 dBm
and in the linear excitation regime. As will be shown in the following
measurements, the nonlinearity threshold for the 10-ns pulse microwave
excitation is around +5 dBm, which is much higher than the CW non-
linearity threshold because CW excitation injects more energy with a longer
duration. When the carrier frequency is at (ii) 5.35 GHz, (iii) 5.42 GHz, and
(iv) 5.53 GHz which are within the magnon transmission band in Fig. 1b, a
strong wave packet is observed at around ¢ = 55 ns. It corresponds to the
signal transmitted by magnons due to the long delay time from the trigger at
t = 0 ns. The magnon transmission wave packet is missing when the carrier
frequency is off the transmission band at (i) 5.20 GHz and (v) 5.77 GHz.
Due to the nonzero microwave propagation time in the cables, the trigger
time of the oscilloscope does not match with the magnon excitation time at
port 1. Thus, the most accurate way to measure the magnon propagation
time is to compare the time delay with different CPW separation distances.
Figure 1d, e compare the traces for d = 10 and 20 #m with a pulse excitation
of w./2m = 5.42 GHz. The temporal broadening of the magnon wave packet
from d = 10 ym to 20 ym is attributed to the group velocity dispersion at
different frequencies", which can be compensated by exciting the magnons
at a flat dispersion regime between the dipolar and exchange spin wave
limits”. The magnon signals show a time delay of 25 ns, which yields a group
velocity of v, = 400 m/s. This value matches well with our previous reported
group velocity of v, = 208 m/s at 10 GHz measured in the same device with
CW measurements'’. Since in the long-wavelength limit v, is inversely
proportional to frequency, the expected group velocity should be 208 x 10/
5.42 = 384 m/s, close to the experimental result above. Figure 1f shows the
FFT spectra of the traces in (d) and (e). We note that for d = 20 ym the FFT
linewidth is slightly broader than for d = 10 ym, which may be a con-
sequence of additional noise during magnon wave packet propagation.

Figure 2 compares the temporal traces and their FFT spectra before and
after passing through the YIG delay line. The microwave pulse generated by
the mixer shows a sharp edge of amplitude modulation [Fig. 2a] by the
square pulse. Its FFT spectrum shows a typical multi-peak characteristic of a
square pulse with the center frequency defined by the microwave carrier
frequency w,, as shown in Fig. 2(c). After the YIG delay line, the temporal
trace is broadened and rounded, as shown in Fig. 2b. This is the result of
narrow-band filtering by the antenna-defined magnon transmission band,
as well as nonlinear v, — w magnon dispersion. The FFT of transmitted
magnon wave packet shown in Fig. 2d matches well with the magnon
transmission band measured by VNA in Fig. 1b.
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Fig. 2 | Comparison of time traces before and after
YIG delay line filtering with d = 10 gm, 7= 10 ns,

P.= —5dBm and at goHp = 0.11 T. a Microwave
pulse with a carrier frequency of w /27 = 5.42 GHz.
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b The same pulse in (a) after going through the YIG
delay line and being amplified and filtered. ¢ FFT of
(a) measured at different w,. (d) FFT of (b) measured
at different w,.
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Fig. 3 | Comparison of time traces with different
pulse widths. a 7=4ns; (b) 7=7ns; (c) 7= 10ns.
Dashed rectangles mark the expected pulse width 7
and frequency bandwidth 1/7, as (a) 4 ns and

250 MHz, (b) 7 ns and 143 MHz, and (c) 10 ns and
100 MHz, respectively. d Comparison of normalized
FFT of temporal traces from (a—c) at w./27 =

542 GHz.
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Next, we move to the mapping of temporal traces measured at various
carrier frequencies of the excitation microwave (w,, y-axis). Figure 3a—c
compare the temporal traces of transmitted microwave pulses with different
pulse widths at d = 10 ym. For =4, 7 and 10 ns, the temporal widths of the
measured pulse (x-axis) matches with 7, showing that the pulse width is
conserved within a small magnon propagation distance. However, we point
out that the pulse width is broadened as magnon propagates, which is
measured in Fig. le at d = 20 ym. Similar phenomenon has also been
observed in y-BLS measurements”. In addition, at T = 4 ns the signal-
obtaining excitation frequency bandwidth (y-axis) becomes broader than
the allowed magnon transmission bandwidth of 150 MHz in Fig. 1b. This is

because the FFT bandwidth of the microwave pulse, which is inversely
proportional to the pulse width as 1/7 = 250 MHz, becomes significantly
larger than the magnon transmission bandwidth, whereas for =7 or 10 ns
the FFT bandwidth is within the magnon bandwidth. Despite the temporal
pulse distortion at different 7, their FFT frequency spectra are consistent in
terms of center frequency and linewidth, as shown in Fig. 3d for w,
5.42 GHz. Thus, we conclude that the spectral property of magnon pulses
are robust against pulse width, but will eventually scatter as the traveling
distance increases due to intrinsic nonlinear dispersion property.

In order to explore the nonlinear behaviors of pulse magnon trans-
mission, we conduct time-domain measurements at 7 = 10 ns with different
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Fig. 4 | Power-dependent evolution of pulse magnon transmission in the time
domain and frequency domain with d = 10 ym, 7 = 10 ns, and at yyHg = 0.11 T.
a-d Time-domain traces as a function of carrier frequency w, at (a) P.= —5 dBm, (b)
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powers. The wide dashed lines in (b, ¢, f, g) are separately analyzed in Fig. 4. i Upper
envelopes of the temporal traces of pulse magnon transmission from (a-d) at
w./2m=5.42 GHz, with P, = —5 dBm and 10 dBm highlighted in blue and red colors,
respectively. j FFT of the time traces in (i).

carrier microwave powers P, with the upper envelopes of the measured
wave packets V" shown in Fig. 4a-d. As P increases, the amplitude first
increases from P, = —5 dBm to P, = 0 dBm, then maintains the same level up
to P. = 5dBm, and eventually starts to decrease at P, = 10 dBm. This
amplitude evolution is shown in Fig. 4i by comparing V& at
w./2m = 5.42 GHz. The measured V= at P, = 10dBm (red) is clearly
smaller than P, = 0 and 5 dBm, showing that the total transmitted signal is
decreased at large P.. The amplitude reduction at large P, is accompanied
with a broad expansion of the frequency bandwidth along the w, axis, which
is also shown in the FFT spectra in Fig. 4e-h. We note that in Fig. 4d the
amplitude reduction mainly happens around w27 = 5.4 GHz where the
magnon transmission efficiency is the highest. As w, moves to the edges of
the VNA-measured magnon transmission band around 5.3 and 5.5 GHz,
which are marked by the white dashed lines, the measured temporal pulse
trace returns back to high amplitude.

The above observation of amplitude change can be explained by the
Suhl instability of magnons with clear evidence of four-wave mixing process
as shown by the broadening of the FFT spectra. In particular, the amplitude
recurrence in Fig. 4d happens at the edge of the magnon transmission band,
as compared with the S; transmission band to the right. As shown in Fig. 4i,
this is because V. is maximized for P. = 0 and 5 dBm, and becomes weaker
for either higher and lower powers. In Fig. 4d, because of the transmission
efficiency, only at the edges does the power stay at the sweet zone in Fig. 4i
and that's where V,, shows a maximal value. Nonlinear magnonic phe-
nomena have been widely observed in the CW BLS measurements™™*' or
electrical measurements***’. Besides four-wave mixing, a three-magnon-
mixing induced magnon confluence process may also involve* ™. In our
device geometry, because the detecting CPW is spatially separated from the
excitation CPW, it is possible that the nonlinear magnon excitations are
either dissipated locally at the excitation antenna, or has a much slower
group velocity and cannot propagate to the detecting antenna. The ampli-
tude reduction can be also observed in the FFT spectra, where the intensity
around w,/2m=5.4 GHzat P. = 10 dBm [Fig. 4h] is weaker than the intensity

at P.=0and 5 dBm [Fig. 4f, g], also compared in Fig. 4j. In addition, we also
note that despite the frequency bandwidth broadening along the w, axis (y-
axis) in Fig. 4e-h, the frequency bandwidth of the FFT spectra (x-axis) is
always filtered by the magnon transmission band, which is determined by
the CPW geometry and independent of P,.

Finally, we show evidence of group velocity dispersion from the FFT
spectral analysis. Figure 5a, b show the temporal traces for the YIG delay
lines for 7 = 10 ns with d = 10 ym and 20 ym, respectively, with their FFT
spectra shown in Fig. 5¢, d. As discussed before, the temporal width of the
transmitted wave packet is broadened from d = 10 ym to d = 20 ym even
though their frequency bandwidths are similar, which suggests group
velocity dispersion at different frequencies. To further demonstrate the
spectral dispersion, we divide the temporal traces in two halves as shown by
the magenta (A) and cyan (B) boxes in Fig. 5a, b, and show the FFT spectra
for each regime in Fig. 5e-h. The FFT spectra of regime A and B correspond
to the lower- and higher-frequency regimes of the total spectrum (A + B),
respectively. This also shows that the higher-frequency magnon component
exhibit a lower magnon group velocity because it takes longer time for this
wave packet component to propagate to the detecting antenna [regime B in
Fig. 5a, b], agreeing with the Damon-Eshbach magnon dispersion’. The
observation of FFT spectral separation holds for all 7, P,, and d, showing a
robust group velocity dispersion of magnon against different device
parameters.

Discussion

Our demonstration of single-shot time-domain electrical measurements of
magnon pulse transmission allow us to access its temporal and spectral
characteristics in a realistic magnon delay line device, and to study the device
performance for future high-speed spintronic operations. Particularly, our
study reveals two interesting properties in magnon pulse transmission. The
first is the nonlinear pulse amplitude saturation and suppression at large
excitation powers. The second is that different sections of temporal traces
lead to different FFT spectra, which is due to group velocity dispersion of
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Fig. 5| FFT spectra for different temporal regimes. d=10 um, P(,= 5 dBm

d=20 um, P,=5 dBm
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magnons. Our results show that magnon pulse transmission is a highly 2.
nonlinear process due to the unique magnon frequency-wavelength dis-
persion relationship and nonlinear magnon scattering process, which are 3.
important for being considered in real-time magnon-based information
processing such as logic gate'>”” and quantum information®. 4.
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