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Stabilization of a nonlinear magnonic bullet coexisting with a Bose-Einstein condensate
in a rapidly cooled magnonic system driven by spin-orbit torque
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We have recently shown that injection of magnons into a magnetic dielectric via the spin-orbit torque (SOT)
effect in the adjacent layer of a heavy metal subjected to the action of short (0.1 μs) current pulses allows for
control of a magnon Bose-Einstein condensate (BEC). Here, the BEC was formed in the process of rapid cooling
(RC), when the electric current heating the sample is abruptly terminated. In the present Letter, we show that the
application of a longer (1.0 μs) electric current pulse triggers the formation of a nonlinear localized magnonic
bullet below the linear magnon spectrum. After pulse termination, the magnon BEC, as before, is formed at the
bottom of the linear spectrum, but the nonlinear bullet continues to exist, stabilized for an additional 30 ns by the
same process of RC-induced magnon condensation. Our results suggest that a stimulated condensation of excess
magnons to all highly populated magnonic states occurs.
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Recent experiments in magnon spintronics [1] make use
of the magnon injection using spin-polarized currents, which
originates from the spin-transfer torque (STT) effect [2,3],
and may lead to the excitation of auto-oscillations [4–7] of the
low-energy magnon states exhibiting the lowest thresholds for
damping compensation. Further studies found the formation
of a distinct nonlinear auto-oscillating mode with a frequency
below the linear magnon spectrum [8]. This low-frequency
mode is identified as a soliton mode, referred to as the
bullet mode, and observed in various STT-driven magnon
systems [8,9].

The spin Hall effect (SHE) [10] is a commonly used mech-
anism to generate a spin-polarized current and, combined
with STT, to inject magnons [11–13]. The combination of
both effects is also referred to as the spin-orbit torque (SOT)
effect [14] and often studied in yttrium iron garnet/platinum
(YIG/Pt) [15–18].

In parallel, macroscopic quantum states in the form of
magnon Bose-Einstein condensates (BECs) are intensively
investigated [19–24], in particular, the spontaneous coherency
of the magnon BEC as an interference pattern [25] and super-
currents under a thermal gradient [26].

Recently, we found another approach using the rapid cool-
ing (RC) mechanism to trigger the BEC formation, realized in
microsized YIG/Pt structures [24]. A short DC heating pulse
applied to the Pt layer resulted in Joule heating, increasing
the phonon and the magnon populations. After pulse termina-
tion, the phonon temperature decreases rapidly, resulting in an
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overpopulation of the magnon system. Suppose the number
of the so-created excess magnons is large enough. In that
case, the magnon redistribution to the bottom increases the
chemical potential up to a critical value, and, in turn, the
formation of a magnon BEC is triggered [24].

We further discussed the combination of the SOT effect and
the RC mechanism [27], demonstrating that the SOT effect
can control the magnon BEC formation. Using a short pulse
duration of 100 ns overcompensating the effective damping,
an overpopulation at the bottom of the magnon spectrum was
induced. Still, the pulses were short enough to prevent the
formation of auto-oscillations in the form of a bullet mode in
the current density range of interest [16,27,28]. As a result, the
magnon population in a broad frequency range at the bottom
increased, shifting the threshold current of BEC formation.

Here, we investigate the effect of the RC mechanism after
reaching a quasistationary auto-oscillation regime driven by
the SOT effect. In accordance with recent studies [16,28],
we observe quasistationary auto-oscillations for the longer
pulse duration used. In particular, bullet mode excitation is
observed, and we find that excess magnons generated by the
RC effect are redistributed to the previously STT-driven states,
stabilizing the bullet mode.

Figure 1 depicts the investigated structure and the experi-
mental setup. The structure consists of a 2-μm-broad waveg-
uide, fabricated employing argon ion milling from a 34-nm-
thick liquid phase epitaxial (LPE)-grown YIG film [29,30].
On top of the waveguide, a 3-μm-long and 7-nm-thick Pt
layer is deposited using an rf-sputtering technique. Via elec-
tron beam evaporation, Ti/Au leads were attached to the Pt
layer, resulting in an active injection area of 2 μm × 2 μm.
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FIG. 1. Colored scanning electron microscopy (SEM) image of
the investigated structure and sketch of the experimental setup. The
structure consists of a 2-μm-broad and 34-nm-thick YIG waveguide.
Ti/Au leads contact a 3-μm-long platinum heater (7 nm) on top.
The magnon intensity under the Pt-covered region is measured us-
ing space- and time-resolved Brillouin-light-scattering spectroscopy.
The DC current is parallel to the long axis of the strip. The overlap
of the contacts with the Pt injector on both sides is 0.5 μm, resulting
in an active injection area of 2 μm × 2 μm.

Standard vector network analyzer ferromagnetic resonance
(VNA-FMR) measurements of two macroscopic pads of bare
YIG and YIG/Pt on the same chip revealed a Gilbert damp-
ing parameter of αYIG = 1.83 × 10−4 and αYIG/Pt = 18.1 ×
10−4, respectively, and for the YIG/Pt, a spin mixing conduc-
tance of g↑↓ = (5.40 ± 1.02) × 1018 m−2. An external field
of μ0Hext = 82 mT magnetizes the waveguide in plane along
its short axis. A DC pulse generator is connected to the leads,
allowing for the application of DC pulses, acting on the mag-
netization dynamics in the YIG via the SOT effect. Here, we
focus on the case of a current polarity leading to magnon
injection. In addition, the DC pulse results in Joule heating
of the Pt layer, which triggers the RC mechanism after the
pulse [24]. The magnetization dynamics is investigated us-
ing time- and space-resolved Brillouin light scattering (BLS)
spectroscopy [31]. The light of a laser with a wavelength of
λ = 457 nm is focused on the YIG guided through the trans-
parent substrate. The inelastically scattered light carrying the
information about the frequency of the magnons is analyzed
by a six-pass tandem Fabry-Pérot interferometer and detected
by a single photon counting module. The latter connects to a
time-resolution unit triggered by the pulse generator, allowing
us to investigate the time evolution of the magnon population.

To investigate the effect of the RC mechanism taking
place after pulse termination, we first analyze the decaying
STT-driven magnon system in the absence of a substantial
contribution of the RC mechanism. As we have shown re-
cently for a structure on the same chip, the STT-induced
damping compensation sets in for current densities below the

FIG. 2. (a) BLS intensity, color coded as a function of time and
frequency. The dashed orange line shows the time the 1-μs-long
current pulse is terminated. Right panel: Cross section for 970 ns <

t < 1000 ns (black line) and thermal magnon spectrum (gray line).
(b) Integrated BLS intensity of the bullet mode (black line) and
the bottom of the magnon gas (red line) as a function of time
(integration intervals 2.4 GHz < f < 3.0 GHz and 3.0 GHz < f <

4.0 GHz, respectively). Blue dashed lines are exponential fits. Red
dots and black squares show the frequencies of both modes, same
color code.

threshold of the RC-mechanism-induced condensation [27].
Although we cannot suppress the RC mechanism completely,
this allows us to work in a supercritical STT regime without a
significant RC-effect contribution. Moreover, the increase of
the pulse duration to τP = 1.0 μs establishing a quasistation-
ary auto-oscillation regime, also decreases the RC-mechanism
contribution compared to our earlier studies [24,27]. A larger
area close to the Pt-covered region is heated up, reducing
the heat dissipation efficiency. For the particular structure
and applied field, we find the threshold of the STT-driven
damping compensation as U STT

th = 0.87 V (see Supplemental
Material [32]). Figure 2(a) shows the BLS intensity as a func-
tion of time and frequency for a voltage of U = 0.9 V (see
Supplemental Material for the whole pulse duration [32]). It
can be seen that the SOT effect increases the magnon pop-
ulation in two different frequency regions. The signal at f ≈
3.5 GHz corresponds to the fundamental mode: The measured
frequency during the pulse is slightly below the frequency of
thermal magnons, that is observed at times when no pulse is
applied (1060 ns < t < 1080 ns). The lower frequency results
from the heating and the nonlinear shift due to the large
number of magnons injected. Because of the broad linewidth
(see the corresponding cross section), we attribute this signal
to an increased population at the bottom of the magnon gas
rather than the excitation of a single mode.

In addition, we observe a peak at a lower frequency of
f = 2.7 GHz and of a smaller linewidth (see the cross sec-
tion). Due to the low frequency and linewidth, we identify this
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FIG. 3. (a) BLS intensity, color coded as a function of BLS frequency and time at the end and after a 1-μs-long pulse of a voltage of U =
1.0 V. The vertical dashed orange line indicates time of pulse termination. (b) Integrated BLS intensity of the bullet mode (black line) and the
bottom of the magnon gas (red line) as a function of time. Integration intervals were 2.4 GHz < f < 3.0 GHz and 3.0 GHz < f < 4.0 GHz,
respectively. Red dots and black squares show the frequencies of both modes, same color code. (c), (d) Same as (a), (b), but for U = 1.1 V.

peak as the SOT-driven excitation of the bullet mode. Such a
simultaneous excitation of the low-frequency region of ther-
mal magnons and the bullet mode has been observed in similar
structures before [28]. We discuss the experimental evidence
of the soliton nature in the Supplemental Material [32].

We now analyze the time evolution after pulse termination,
when the RC mechanism is present. Due to the magnon re-
distribution processes to the bottom, we expect a deviation
from an exponential decay but a relatively small RC-effect
contribution due to the low voltage and long pulse duration.

Figure 2(b) shows the integrated intensities of the bottom
of the magnon gas (red line) and the bullet mode (black line)
as a function of time. The red dots and black squares depict the
magnon gas bottom and bullet mode frequencies, respectively.
Both are obtained by fitting the sum of two Gaussians. The
dashed blue lines are exponential fits.

The effect of the RC mechanism is visible as an inten-
sity increase at the bottom of the magnon gas, attributed to
the magnon BEC formation process, in which the lowest-
energy state of the linear magnon dispersion (for this case
fmin ≈ 3.6 GHz) attracts the excess magnons [24]. In addi-
tion, the SOT effect creates a second attractor state in the form
of a bullet mode of lower frequency (here, fbullet ≈ 2.7 GHz).
As a result, the bullet mode intensity stays constant after
pulse termination for approximately 4 ns. Although the bullet
intensity in this short time interval is constant, we observe
an increasing frequency, starting instantaneously after pulse
termination, which we attribute to the bullet instability. In
this respect, we define the stability of the bullet mode as
the state when it conserves its coherency and soliton nature,
which manifests itself in the lower frequency of the bullet
mode rather than in its intensity. Thus, if the frequency of the
bullet mode increases, we refer to this process as to the bullet
instability observed in Fig. 2(b) as the instantaneously starting
frequency increase. These observations can be understood as

follows: The RC mechanism redistributes magnons to both
states, whereby the lowest-energy state of the linear dispersion
and the SOT-driven bullet mode of lower frequency serve as
natural or artificially created attractor states, respectively, but
the RC mechanism is ultimately too weak to stabilize the
bullet mode.

Further in time, the RC-induced redistribution finishes,
and we observe an exponential decay of both modes’ in-
tensities. The exponential fits reveal amplitude lifetimes of
τm = 40.7 ns for the magnon gas bottom and τm = 6.8 ns for
the bullet mode. This discrepancy shows the instability of the
STT-driven bullet in the absence of an external injection again.

In the following, we discuss the situation for an in-
creased RC effect, achieved via increasing the applied voltage.
Figure 3(a) shows the same data as Fig. 2, but now for
U = 1.0 V. It can be seen that a quasistationary regime is
established during the pulse, and that the bullet mode is now
predominantly populated with respect to the bottom of the
magnon gas and compared to the previous case. After pulse
termination (orange dashed line) we now observe an increas-
ing intensity of both modes, which shows that the excess
magnons generated in the RC process redistribute to both
attractor states.

To analyze the time evolution further, Fig. 3(b) shows the
integrated intensities of the bottom of the magnon dispersion
(red line) and of the bullet mode (black line), the frequency
of the bottom of the magnon gas (red dots), and the bullet
frequency (black squares).

We first focus on the bottom of the magnon gas (red line
and red dots). Initially, after pulse termination, an increasing
intensity and practically constant frequency are observed. For
this particular case, the average frequency of the SOT-driven
magnon gas (red dots at t = 1000 ns) is close to the final
BEC frequency given by the bottom of the linear magnon
dispersion (red dots at t ≈ 1025 ns, fmin ≈ 3.4 GHz). Hence,
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the artificially increased magnon population of the magnon
gas increases the natural magnon attraction to these states. The
frequency conservation is a consequence of the competition
between the decreasing nonlinear shift, the cooling process,
and the accumulation of magnons at the lowest-energy state of
the magnon dispersion. The SOT-induced nonlinearity is the
reason for the now lower final frequency of the magnon BEC
with respect to the previous case of lower voltage. Finally,
after approximately t = 1030 ns, the relaxation is visible as
an increasing frequency and decreasing intensity.

We now analyze the time evolution of the bullet mode
after pulse termination. Initially, the bullet mode frequency
increases, analogously to the situation for U = 0.9 V, show-
ing the instability of the bullet. However, the increased RC
effect and the stronger attraction of the excess magnons to the
now more dominantly populated bullet mode are visible as
an increase in the bullet mode intensity. In the following, this
increased RC effect is sufficient to stabilize the bullet, and
we observe a decreasing frequency once the number of redis-
tributed magnons is high enough. Hence, two quasicoherent
states coexist in the form of the RC-driven BEC and the now
stabilized bullet. Following our previous findings [24], where
we observed a maximum BLS intensity around 10–20 ns after
pulse termination, we measure the minimum bullet frequency,
noting the time of highest bullet mode stability 11 ns after
the pulse. We define this time interval of practically constant
frequency as the bullet mode stabilization time.

Finally, for t > 1011 ns, we find the bullet mode frequency
increases again, which shows that the RC mechanism is now
too weak to stabilize the bullet. However, despite this ob-
served instability, the bullet mode intensity stays constant
until t ≈ 1020 ns, indicating that magnons are still redis-
tributed to this artificially created attractor state. We interpret
this ongoing redistribution as a thermalization process in
which the magnon system transits from the auto-oscillation
regime to a thermalized magnon gas. The former is given by
the overpopulation of the magnon condensate and the bullet
mode, and the latter quasiequilibrated state is reached via
the increase in the chemical potential, increasing the magnon
number at the lowest-energy state.

The situation for a higher voltage of U = 1.1 V is shown in
Figs. 3(c) and 3(d), analogously to Figs. 3(a) and 3(b). Here,
we limit the discussion to the quantitative changes: With the
increased voltage, the intensity of both modes at the end of
the pulse decreases, which was already observed in Ref. [27]
and attributed to a decreasing spin mixing conductance with
increasing temperature [33]. Furthermore, the linewidth of
the bottom of the magnon gas decreased, which might be
due to the ongoing mode competition, resulting in a varying
mode population for different injection rates. In particular,
the frequency region below f ≈ 3.5 GHz is less populated
in comparison with the situation for U = 1.0 V. The spec-
tral profile of injected magnons varying with the applied DC
voltage results from the changed SOT supercriticality of the
distinct magnon modes defined by their different decay rates.

For the bullet, we find a stabilization time of 30 ns af-
ter pulse termination. In this time interval the bullet mode
frequency exhibits a constant frequency of f = 2.78 GHz
for 1015 ns < t < 1030 ns, which is higher than the sta-
ble bullet frequency at the end of the pulse of f =

2.66 GHz. This higher frequency of the bullet results from
the lower temperature and the absence of Oersted fields after
pulse termination. The bullet mode intensity increases until
t = 1040 ns.

For the magnon gas, we observe a frequency decrease
after the pulse, contrary to the previous case. The decrease
starts at a higher frequency but ends up at approximately
the same frequency of f ≈ 3.4 GHz (bottom of the magnon
dispersion). This initially higher frequency results from the
varied spectral distribution at the end of the pulse: The now
stronger populated states of the magnon gas with higher fre-
quencies increase the average frequency at the end of the pulse
[compare red dots in Figs. 3(c) and 3(d) at t � 1000 ns]. As
a result, excess magnons are dominantly attracted to these
higher-frequency states. Since the number of redistributed
excess magnons is at least three times larger after the pulse,
the measured frequency is determined by the redistributed
magnons. Thus, we observe that the SOT-driven increased
population of these higher-frequency states attracts the excess
magnons. The subsequent frequency shift is caused by the
natural attraction of the excess magnons to the lowest-energy
state of the dispersion (BEC formation).

Our findings show that excess magnons generated by the
RC effect distributed across the whole spectral range are at-
tracted to the bottom of the magnon gas and to the bullet
mode serving as an artificial attractor state. As a result, during
the process of rapid cooling, these two quasicoherent states
coexist. Due to the strong localization of the bullet mode [8],
we interpret this as a spatially extended condensate, in which
the localized bullet is embedded.

In conclusion, we have shown that the RC mechanism
after the termination of an applied DC pulse can stabilize the
bullet mode, which is excited via the SOT effect acting during
the pulse. Depending on the applied voltage, the otherwise
instantaneously unstable bullet mode conserves its low fre-
quency for up to 30 ns. Hence, the RC effect might serve as
an additional mechanism controlling conventional spin-torque
oscillators (STOs) in the pulsed regime.

Moreover, we report that the spectral profile of the already
excited states determines which states are populated via the
subsequent RC mechanism. We interpret this feature as a stim-
ulated condensation: The excess magnons, as bosons, want
to assemble in the already highly populated states. Due to its
frequency dependence, the SOT injection populates modes in
the low-frequency region. Although this low energy of the
here excited states might promote this stimulated condensa-
tion, the RC mechanism might also result in the redistribution
to other highly populated states, suggesting that the RC mech-
anism can also serve as a magnon amplification mechanism in
magnonic circuits.
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