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We investigate the temporal response of constriction-based spin Hall nano-oscillators driven by pulsed
stimuli using time-resolved Brillouin light scattering microscopy. The growth rate of the magnetization
auto-oscillations, enabled by spin Hall effect and spin-orbit torque, is found to vary with the amplitude of
the input voltage pulses, as well as the synchronization frequency set by an external microwave input. The
combination of voltage and microwave pulses allows us to generate auto-oscillation signals with multilevel
amplitude and frequency in the time domain. Our findings suggest that the lead time of processes such as
synchronization and logic using spin Hall nano-oscillators can be reduced to the nanosecond timescale.
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I. INTRODUCTION

Magnetic oscillators are among the most promising
means to perform brain-inspired solid-state-based compu-
tation [1,2] and microwave communication technologies
[3]. These are primarily based on magnetization auto-
oscillations (AOs) in the gigahertz frequency range. AOs
arise when the Gilbert damping is compensated by the
torque transferred from a pure spin or spin-polarized cur-
rent to the magnetization, due to spin-orbit torque (SOT)
or spin-transfer torque [4–8]. Here, the pure spin current is
generated via spin Hall effect (SHE) [9,10], in an adjacent
nonferromagnetic, metallic layer with large spin Hall angle
[11–13]. In recent years, several prototypical oscilla-
tor geometries have surfaced, such as spin Hall nano-
oscillators (SHNOs) [14–16], the spin torque nano-
oscillators [17,18] and nonlocal spin-injection spin valves
[19,20]. Often, these are physically arrayed into a net-
work, when synchronization between oscillators [21–23]
allows for complex operations, such as pattern recognition
[24,25]. To some extent, an isolated magnetic oscillator in
itself can mimic a pseudonetwork of oscillators [26,27] if
external time-dependent stimuli are applied to exploit its
nonlinear response. Thus, an important requisite for a mag-
netic oscillator is agility, that is, the ability to respond to
time-dependent external stimuli in a way that the resulting
amplitude, frequency, or phase can be utilized reliably as a
processing output.

*f.goncalves@hzdr.de

In this manuscript, we investigate the temporal response
of nano-constriction SHNOs driven by voltage pulses and
microwave pulses. We find that the growth rate of the
AO signal increases with voltage pulse amplitude and that
the time delay between the voltage pulse and the AO
response is reduced considerably at large pulse amplitudes.
AO signals could be obtained using voltage pulses with
a duration of a few nanoseconds. Moreover, we discuss
how the AO response can be improved by means of injec-
tion locking to an external microwave pulse. Furthermore,
we demonstrate how the pulsed operation results in a reli-
able multilevel AO amplitude and frequency in the time
domain.

Figure 1(a) shows a top-view scanning electron
microscopy (SEM) image of the disk-shaped nanocon-
striction SHNO. The two magnetic disks have a radius of
2.6 μm and overlap by approximately 50 nm, resulting in
a constriction width of 1.13 μm. The structures are fab-
ricated on a silicon substrate using a resist mask created
by electron-beam lithography (EBL), followed by sputter-
ing of the thin-film layers Ta(2 nm)/Pt(7 nm)/Ni81Fe19(5
nm)/Ta(2 nm) and liftoff. The electrical contacts are cre-
ated using an additional EBL resist mask followed by
thermal evaporation of the metals (Cr/Au) and liftoff.
The structure under test has an average resistance of
350 �.

The temporal response of the SHNOs is tested under
two types of pulse excitation, as illustrated in Fig. 1(a).
The first type concerns the use of voltage pulses (Vp ) to
drive the AOs and the second type concerns the combined
use of voltage and radio frequency pulses (rfp ) in order to
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FIG. 1. (a) SEM image of the SHNO and measurement geom-
etry. (b) Schematic illustration of the layer stack indicating the
direction of the current (I ), the polarization of the pure spin cur-
rent (P) and the precession induced on the magnetic moment (m)
of the Py (Ni81Fe19) layer. (c) μBLS spectra measured using 100
ns voltage pulses with different amplitudes. The peak frequency
of the AO mode is indicated by the markers in cyan.

induce injection locking of the AOs to the external radio
frequency (rf) stimuli.

Figure 1(b) highlights the direction of the magnetic field
and current needed for efficient generation of AOs by
means of SHE and SOT [4,5,11]. In particular, the direc-
tion of the injected current (I ), the polarization of the pure
spin current (P) arising due to SHE and the direction of
the magnetic moment (m) in the presence of an in-plane
magnetic field (H ). The external magnetic field should be
applied in the direction perpendicular to the current flow,
as the SOT efficiency is maximized [6,11,14]. At suffi-
ciently large current densities and upon an appropriate
choice of field polarity, this leads to damping compensa-
tion and consequent emergence of AOs in the constriction
region. In the present experiments, H is tilted by 80◦ with
regard to I , so that the fieldlike torque induced by the
microwave current in the Pt layer has a component orthog-
onal to m. This results in an increased coupling between the
AOs and the external microwave field, with little impact
on the AOs [28,29]. In all experiments reported, the mag-
nitude of H is first increased to 200 mT for the purpose
of saturating the magnetization, and then decreased to
20 mT.

Time-resolved Brillouin light scattering microscopy
(TR μBLS) is employed to measure the frequency spectra
of the AOs as a function of time. Using this stroboscopic
technique, nanosecond time resolution and submicron spa-
tial resolution can be achieved [30]. The measurement
apparatus includes electrical inputs for injecting voltage
pulses and rf signals, generated by an arbitrary wave-
form generator and microwave source, combined via a
microwave diplexer. The voltage pulses have a trapezoidal
shape, with rise and fall times set to 4 ns and a repetition
rate of 4 MHz.

II. MAGNETIZATION AUTO-OSCILLATIONS
DRIVEN BY VOLTAGE PULSES

Figure 1(c) shows the BLS spectra as a function of Vp
obtained using 100 ns pulses. The pulse amplitude is varied
from 0.8 to 1.8 V. The AO frequency fAO is varied from
3.1 to 2.2 GHz with increasing pulse amplitude. Such a
frequency downshift is consistent with theory and with
previous experiments involving SHNOs with a similar
geometry [6,14,31]. The largest BLS signals are obtained
in the voltage range 1.2–1.4 V.

Figure 2(a) shows the frequency-integrated μBLS spec-
tra obtained using 100 ns voltage pulses at different ampli-
tudes. The time dependence of the voltage pulse, measured
using an oscilloscope, is plotted together using the vertical
axis on the right. In order to compare the response time
of the AOs with that of the voltage pulse, the onset and
outset segments are fitted using a logistic function of the
type A0(1 + e−β(t−t0))−1, where A0 is the amplitude, β is an
effective growth (decrease) rate and t0 is the time at which
half-amplitude (A0/2) is reached [32]. In Fig. 2(a), the
black lines at the onset and outset segments of the μBLS
data correspond to the fitted function. The onset and outset
segments of the voltage pulse are indicated by the fitting
lines in red and gray and the vertical dashed lines indi-
cate the t0 of each segment. The parameter β is plotted in
Fig. 2(b) and the difference between t0 of the AO signal and
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FIG. 2. (a) Frequency-integrated TR-μBLS signal obtained at
different values of Vp between 1 and 1.5 V. The time depen-
dence of Vp is included using the right axis. (b) Parameter |β|
at the onset and outset segments of the μBLS signal at different
voltage values. Dashed lines show the |β| of Vp . (c) The differ-
ence �t0 between t0 of Vp and that of the μBLS signal at the
onset (squares) and outset (circles) segments. Error bars show
the standard deviation.
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the voltage pulse at the onset (squares) and outset (circles)
segments is shown in Fig. 2(c) (for further information, see
the Supplemental Material [33]).

First, we note in Fig. 2(a) that the time dependence of
the AO signal at the onset segment exhibits distinct time
dependence with pulse amplitude while the outset segment
remains approximately the same. As shown in Fig. 2(b),
the onset growth rate of the AO is small for low voltages
but increases at larger pulse amplitudes, approaching the
rate of the voltage pulse. In contrast, the decrease rate of
the outset segment remains approximately unchanged. At
larger pulse amplitudes, the rates at the onset and outset
are similar in magnitude. At the same time, the difference
between the t0 of the AO signal and voltage pulse at the
onset segment decreases from 14 ns, at 1 V, to nearly zero
at 1.6 V, while the time difference at the outset segment
remains constant at about 2 ns, as shown in Fig. 2(c).

In the time segment between the onset and the out-
set, the integrated μBLS amplitude is not constant in
time. Some representative time steps, where changes in
the integrated μBLS signal are observed, appear, labeled
t1–t4 in Fig. 2. The positions of t1–t4 appear to be
irrespective of the pulse amplitude. In order to bet-
ter understand the origin of these changes in the AO
amplitude, we discuss the time dependence of the μBLS
spectra.

Figure 3(a) shows the time dependence of the μBLS
spectra obtained using 100 ns pulses with an amplitude of
1.4 V. At the onset segment of the AO signal, indicated
by the vertical dashed line, we see a rapid increase in the
AO amplitude, consistent with the data shown in Fig. 2(a),
together with a reduction in the frequency from 2.95 to
2.65 GHz. The decrease in frequency can be explained
based on the data of Fig. 1(c), where we see that the
AO frequency decreases with increasing pulse amplitude.
The rapid increase (decrease) in the frequency (amplitude)
observed at the outset segment of the AO signal can be
explained in the same manner.

The time segments t1–t4, also highlighted in Fig. 2(a),
correspond to the time steps where changes in the AO fre-
quency are observed. Note, for instance, the clear reduction
in the AO frequency at approximately 72 ns. Above t > t4
the AO frequency and amplitude appear to have reached a
steady state.

Since the variations in the amplitude and frequency
of the μBLS signal at t1–t4 appear to be independent
of the pulse amplitude and pulse duration, we anticipate
that these have origin in the instantaneous voltage pulse
changes driving the AOs. The time dependence of the
voltage pulse, presented in Fig. 2(a), shows that the local
maximum of the voltage at the onset segment is about 5%
lower than the maximum (nominal) voltage at the outset
segment. In addition, between 50 and 70 ns the instanta-
neous voltage exhibits an undershoot and an overshoot of
6% and 4%, respectively, before it reaches a steady state
above 70 ns. Such behavior is reminiscent of the ringing
effect in an RLC-equivalent circuit as response to sudden
changes in the input signal, namely at the onset. This can
in part explain the oscillations in the amplitude following
the AO onset.

With the exception of the onset and outset segments and
despite the changes in the AO frequency, the linewidth
remains approximately constant at 150 ± 2 MHz, through-
out the whole pulse duration. However, rather than corre-
sponding to the real AO linewidth, this value is consistent
with the limit in resolution of the method employed. Elec-
trical measurements of the AOs are carried out in a similar
SHNO geometry using direct currents (not discussed here),
where linewidths of 20 to 30 MHz are obtained. In our
experiments, changes in the linewidth, or coherence, of the
AOs are only observed at the onset and outset segments,
while accompanied by frequency shifts, suggesting that the
nanoconstriction SHNOs are agile down to the nanosecond
timescale. A similar agility timescale is observed in spin
torque nano-oscillator geometries [34,35] and nonlocal
spin-injection spin valves [19].
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FIG. 3. (a)–(f) TR-μBLS spectra obtained at 1.4 V for pulse durations 100, 50, 20, 10, 8, and 6 ns. The continuous line in blue
highlights the peak frequency as a function of time, obtained by fitting each time step using a Lorentzian function (see the Supplemental
Material [33]). (g) Frequency-and-time-integrated μBLS signal plotted as a function of Vp for the various pulse durations. Signal
integrated between 1.8 and 7.1 GHz, over the pulse width and normalized with respect to the signal obtained using 100 ns pulses.
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The TR-μBLS data obtained using shorter pulses
[Figs. 3(b)–3(f)] exhibit behavior similar to that described
for the 100 ns pulses, especially the variation of the AO
frequency at the onset and outset segments. In the case
of shorter pulses, the TR-μBLS spectra between the
onset and outset segments are simply truncated at the
corresponding pulse duration. A noticeable difference is
the decrease in the AO amplitude with decreasing pulse
width, which is indicated by a change in color contrast in
Figs. 3(a)–3(f). This can be better understood in Fig. 3(g),
where we show the frequency-and-time-integrated μBLS
signal, as a function of the pulse amplitude. For voltage
pulses with durations of 10, 8, and 6 ns, one is unable
to reach the same AO amplitude as for longer pulses,
as shown by the 50% reduction in the integrated signal,
compared to that obtained with 100 ns pulses. Since the
onset and outset times are independent of the pulse dura-
tion, for shorter pulses, the time segment during which the
nominal voltage is applied is very short. Therefore, the
average amplitude per unit of time will be smaller com-
pared to that of longer pulses. In order to increase the
AO amplitude whilst applying pulses of a few nanosec-
onds, larger voltage amplitudes would be necessary. We
note that the use of short pulses comes with the disad-
vantage of having a spreading of the frequency over the
short existence of the AO signal due to the rise and fall of
the amplitude at the onset and outset segments. A demon-
stration of the SHNO response while driven by a train
of short voltage pulses is presented in the Supplemental
Material [33].

Next, we discuss the agility of SHNOs in the case where
microwave pulses are utilized as a frequency lock to the
AO signal generated by voltage pulses.

III. INJECTION LOCKING USING MICROWAVE
PULSES

In conventional injection-locking experiments, a mag-
netic field and a direct current are applied to the SHNO
together with the external continuous-wave (CW) rf signal
that couples to the AOs [28,36,37]. If the frequency of the
rf signal, f , is close to either the natural AO frequency,
fAO, or 2fAO, the external rf stimuli pulls the AO frequency
toward its own frequency (or f /2). This effect is observed
over a range of frequencies surrounding fAO, namely the
injection-locking range, which can reach several hundreds
of megahertz, depending on parameters such as the mag-
netic field strength, applied direct current and microwave
power [28,36,37]. Injection locking is also known to result
in a larger AO amplitude [29,38,39].

In the present manuscript, we create the conditions for
injection locking to occur, except that instead of the direct
current and CW-rf signals we apply voltage and rf pulses.
The μBLS data shown in Fig. 4 are obtained while apply-
ing 150 ns wide rf pulses to the SHNO (at t = 0 ns)

combined with 100 ns wide voltage pulses applied (at
t = 25 ns). The inset plot in Fig. 4(a) shows the time
dependence of the applied voltage and the rf pulse. The
nominal voltage Vp is set to 1 V, and the frequency (f )
of the rf pulses is varied from 5.4 to 6.8 GHz (f ∼ 2fAO)
with a constant nominal rf power of 1 dBm. Compared
to the injection locking obtained when f ∼ fAO, the fre-
quency regime of f ∼ 2fAO exhibited a wider frequency
locking range and larger AO amplitudes, so only this case
is discussed.

In Fig. 4(a), the frequencies corresponding to f /2 are
illustrated by the diagonal dashed line. For values of f /2
well below 2.85 GHz, the frequency of the AO signal
is constant, at fAO. When f /2 ∼ 2.9 GHz, we observe a
down shift of the AO frequency, simultaneously with an
increase in the AO amplitude, indicating the beginning of
the synchronization to the external source, or the so-called
injection-locking effect [28]. Large amplitude AOs remain
as f /2 increases to 3.25 GHz. Above this frequency value,
the AO amplitude decreases, and fAO is gradually recov-
ered. In these measurements, we obtained a frequency
locking range of approximately 350 MHz.

Figure 4(b) shows the TR-μBLS spectra obtained at the
indicated f /2 values of rfp . The vertical dashed lines indi-
cate the onset and outset times of Vp [from Fig. 2(a)].
The AO signal obtained at 2.73 GHz illustrates the limit
of f /2 < fAO. The spectra exhibit a weak AO mode at
3.0 GHz, whose amplitude is not evenly distributed within
the duration of the voltage pulse. The time-varying AO
amplitude seen here is consistent with the results discussed
in Fig. 2(a).

The TR-μBLS spectra obtained for f /2 values of 2.95
and 3 GHz fall within the frequency locking range. It can
be seen that the AO frequency and amplitude remain nearly
constant within the duration of the voltage pulse, especially
if compared to the rapid changes of the AO frequency
observed earlier in Fig. 3(a). In the example correspond-
ing to 3.3 GHz the injection-locking efficiency decreases
as f /2 > fAO. Here, the time dependence of the natural AO
mode is partially restored, at 3.04 GHz.

Figure 4(c) shows the frequency-integrated μBLS signal
resulting from the data shown in Fig. 4(b). The AO ampli-
tude is nearly constant in the signals at 2.95 and 3.0 GHz
and the growth rate increases significantly at these two fre-
quencies. Here, a short AO rise time of 6 ns is obtained,
while the temporal profile at 1 V shown in Fig. 2(a) (rf
is off ) exhibits a rise time of nearly 25 ns. This increase
in the growth rate demonstrates that injection locking to
an external signal with known frequency and phase con-
tributes to an increase in the coherence of the AO signals.
Despite the voltage oscillations inherent to the ringing
effect of the input circuit, the AO signal remains stable
within the pulse duration, which further demonstrates that
improvements in the agility of the SHNO are achieved by
means of injection locking.
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(a) (b) (c)

150 ns rfp

FIG. 4. (a) μBLS spectra as a function of the external rf frequency (f ) obtained using 150 ns wide rf pulses (at t = 0 ns), followed
by a 100 ns wide voltage pulse (at t = 25 ns), as shown in the inset plot (rf power 1 dBm). The diagonal line indicates the values of
f /2. The arrow in magenta indicates fAO [same as in (b)]. (b) TR-μBLS spectra at the f /2 values of rfp , also indicated by horizontal
dashed lines. The vertical dashed lines indicate the onset and outset of the voltage pulse. The color-coded intensity is normalized to a
common value. (c) Frequency-integrated TR-μBLS signal (rf power 1 dBm), obtained from the data shown in (b).

The results discussed so far suggest the possibility to
combine voltage and microwave pulses, which could give
rise to a variety of AO amplitude patterns. In Fig. 5 we
demonstrate two ways in which the voltage and rf inputs
can be combined in order to generate short time segments
with well-defined levels of AO amplitude.

In the approach discussed with Figs. 5(a)–5(e), voltage
pulses with a duration of 125 ns (Vp = 1 V) are applied to
the SHNO. Following the onset of the AO signal, we apply
a sequence of three rf pulses, with 28 ns width and a sep-
aration of 15 ns. The time dependence of the input stimuli
is shown in Fig. 5(a), where the vertical dashed lines coin-
cide with the onset and outset of each rf pulse. Figure 5(b)
shows the TR-μBLS spectra of the natural AO mode,
obtained with the rf pulses switched off. Here, the oscil-
lations in the AO frequency and the uneven distribution of
the AO amplitude in the time domain are consistent with
the ringing behavior of the AO signal, discussed in Fig. 3.

The TR-μBLS spectra of the pulsed injection-locking
sequence are shown in Figs. 5(c) and 5(d) for f /2 val-
ues of 2.9 and 3.05 GHz, respectively, chosen within
the frequency locking range of the measured device. As
expected, injection locking occurs only during the three
time segments coincident with the rf pulses. For the other
two segments, where the rf excitation is switched off, the
AO amplitude is considerably reduced as the natural AO
frequency is restored.

Figure 5(e) shows the μBLS signals integrated between
2.6 and 3.5 GHz, obtained from the data shown in
Figs. 5(b)–5(d). The frequency range of the integration
(df ) is illustrated by the horizontal lines. First, note that
by applying the first rf pulse immediately after the onset of
the AOs, the instantaneous amplitude increases such that
the time profile of the AO amplitude becomes similar to
that of the input voltage pulse [Fig. 5(a)], as a result of

the increased growth rate. The two rf pulses that follow
result in twice the AO amplitude compared to the natural
AO mode. Using this approach, we obtain an amplitude-
modulated AO signal, reminiscent of a two-level system
alternating between the frequency-locked state (1) and the
natural AO state (0.5).

Next, we discuss a method that allows us to obtain
amplitude modulation of two frequencies at distinct time
segments of a voltage pulse train. The voltage levels of
the pulse train alternate between 1 and 0.5 V, as shown in
Fig. 5(f). Here, the line in green corresponds to the trape-
zoidal pulses with a duration of 12 ns and a period of 30 ns,
while the line in orange shows the voltage pulses combined
with a CW-rf signal.

The TR-μBLS spectra obtained when applying the volt-
age pulses only (rf is off) is shown in Fig. 5(g), where we
note that the AO mode appears at 2.95 GHz, in the time
segments where the instantaneous voltage is equal to Vp .
Here, the frequency upshift observed at the onset and out-
set of the AO signal is coincident with the time segments
corresponding to the rise and fall of the voltage pulses. In
the time segments coincident with Vp/2 = 0.5 V, the AO
signal is too small to be detected. This is expected since we
learned from the results presented in Fig. 1(c) that below
0.8 V the AO signal is weak.

When the CW-rf signal is switched on, at f /2 =
2.8 GHz, injection locking is observed, as shown in
Fig. 5(h), where the resulting AOs have larger amplitude
compared to the natural AO signal. It is worth noting that
the frequency upshift observed in Fig. 5(g) is suppressed
due to injection locking. Despite the improved frequency
stability of the AO signal, no signal is detected in the time
segments coincident with Vp/2.

Interestingly, when the frequency of the CW-rf signal
is larger than fAO, as in the example shown in Fig. 5(i), a
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(blue). (b) TR-μBLS spectra measured while applying Vp = 1 V
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ing Vp (1 V) and rf pulse trains with the indicated f /2 values
(rf power of 1 dBm). Color-coded μBLS intensities of (b)–(d)
are normalized to the same value. (e) The TR-μBLS intensities
of (b; orange), (c; cyan), and (d; yellow) integrated from 2.6 to
3.5 GHz, as indicated by the vertical arrows labeled df . (f) Time
dependence of Vp with (orange) and without (green) an added
CW-rf signal. (g) TR-μBLS spectra measured while applying the
voltage train only (rf off). (h),(i) TR-μBLS spectra obtained at
two different f /2 values, within the injection-locking range (rf
power of 1 dBm). Color-coded intensities of (g)–(i) are normal-
ized to the same value. (j) Frequency-integrated TR-μBLS signal
showing the AO amplitudes obtained from (g; orange), (h; pur-
ple), (i; light blue), and the spin wave amplitude (dark blue). The
frequency integration ranges are illustrated by the vertical arrows
on the right.

μBLS signal is observed at f /2 = 3.3 GHz, in the time
segments coincident with the Vp/2 level, while in the time
segments coincident with the Vp level, the natural AO
mode at fAO is observed.

The observation of the μBLS signal in the time seg-
ments coincident with Vp/2 may be interpreted in the
following manner. While the pure spin current in the Vp/2
level may not be sufficient to fully compensate the damp-
ing and efficiently generate AOs, it still contributes to a
decrease in the effective damping. In this scenario, a down
shift of the spin wave band in the constriction region is
expected, owing to partial damping compensation. As a
consequence, when applying rf pulses with f > fAO, one
is able to directly excite and detect spin waves.

Figure 5(j) shows the TR-μBLS signal integrated over
a 450 MHz frequency range surrounding the detected spin

waves and the AO frequency, as illustrated by the hori-
zontal lines in Figs. 5(g)–5(i). The data show two modes
corresponding to Vp and Vp/2, obtained at two distinct
time segments of the duty cycle. These two signals differ
in frequency by 0.5 GHz, as a result of the two different
external rf frequencies and the natural AO frequency.

IV. CONCLUSION

Using a single magnetic oscillator, we generate nanosec-
ond wide AO signals in the gigahertz frequency regime,
under pulsed operation. We observe changes in the agility
or growth rate of the AOs with the pulse amplitude. This
increase in agility with increasing voltage is expected in
nonlinear systems [6,19], as is the case of the damping
compensation process by involving SHE and SOT. Rise
times of about 6 ns for the auto-oscillations are obtained.
This value is consistent with the rise time of the voltage
pulse and not an intrinsic limit of the SHNOs. Moreover,
the fact that we observe the response time of the circuit in
the form of time-varying AO frequencies demonstrates that
AOs could follow the rapid changes in the instantaneous
voltage of the input stimuli, at least within the nanosecond
time resolution of TR μBLS.

The injection-locking experiments show that the cou-
pling of the SHNO to external microwave pulses results
in improved temporal agility and a more stable output sig-
nal. A transition time of 6 ns is obtained from “0” to “1”
states, even for low voltage amplitudes.

The control over the frequency and amplitude of mag-
netic oscillators with nanosecond time resolution is impor-
tant for applications. There exist a number of approaches
via which the oscillation frequency can be controlled, for
example, via changing the amplitude and polarity of the
direct current [40] or the external magnetic field, injection
locking, and voltage control [41]. The present results sug-
gest that such approaches may also work efficiently when
operating with nanosecond voltage pulses. The tunability
over the frequency and amplitude of the magnetic oscilla-
tors, gained when combining pulsed voltage and injection
locking, can be viewed as demonstration of amplitude
and frequency shift keying using nanoconstriction SHNOs.
While this is conceptually similar to what was proposed
using nanopillar structures [34,42–44], the SHNO geom-
etry can be advantageous due to an easier fabrication, the
ability to emit spin waves and the possibility to reach long-
range synchronization. Further understanding of the ability
to sweep the frequency using voltage pulses, without sig-
nificant changes in the linewidth and amplitude, could
allow fast spectral analysis [18] at the gigahertz frequency
range, using nanoconstriction-based SHNOs.
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