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Previously, it has been shown that rapid cooling of yttrium-iron-garnet–platinum nanostructures,
preheated by an electric current sent through the Pt layer, leads to overpopulation of a magnon gas and to
subsequent formation of a Bose-Einstein condensate (BEC) of magnons. The spin Hall effect (SHE), which
creates a spin-polarized current in the Pt layer, can inject or annihilate magnons depending on the electric
current and applied field orientations. Here we demonstrate that the injection or annihilation of magnons
via the SHE can prevent or promote the formation of a rapid cooling-induced magnon BEC. Depending on
the current polarity, a change in the BEC threshold of −8% and þ6% was detected. These findings
demonstrate a new method to control macroscopic quantum states, paving the way for their application in
spintronic devices.
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The Bose-Einstein condensate (BEC) [1], often consid-
ered because of its exotic properties as the fifth state of
matter, is formed when individual atoms [2], subatomic
particles [3], or quasiparticles such as Cooper pairs [4] or
quanta of molecular electric oscillations [5] coalesce into a
single quantum mechanical entity existing on a macro-
scopic scale and described by one wave function. Emerging
in various physical systems from neutron stars [6] to a
droplet of liquid helium [7], this state leads to fascinating
and valuable for practical use macroscopic quantum phe-
nomena, such as superconductivity and superfluidity.
Recently, novel BEC applications have been proposed,
including those in the rapidly developing field of quantum
computing [8–13]. In contrast to existing quantum com-
puters, which operate at about 20 μK [14], BEC-based
computing can be performed at much higher temperatures:
for example, in yttrium iron garnet (Y3Fe5O12, YIG) [15],
magnon condensation [16] was observed at room temper-
ature. When using such a magnon condensate in both
quasiquantum and classical nanoscale devices, the pos-
sibility to control it by magnon spintronics [17] methods
via spin-polarized electric currents [18] seems particularly
attractive for reducing power consumption and simplifying
these devices.
The formation of a BEC can be achieved by a decrease in

the temperature for real-particle systems [2,19] or in a
quasiparticle system by the injection of bosons, resulting in
an increase in the chemical potential. The latter has been

demonstrated experimentally for exciton polaritons
[20,21], photons [22,23], or magnons [16,24–30]. In the
case of magnonic systems, the injection was realized by the
nuclear magnetic resonance [24,31], by the parametric
pumping mechanism [16,28,29,32], allowing for the injec-
tion of a large number of magnons at a given frequency, via
the spin-Seebeck effect [18] or by the mechanism of rapid
cooling, as it was shown recently [33]. The method of rapid
cooling utilizes a dc heating pulse and the subsequent rapid
cooling of YIG=Pt nanostructures. The heating generates a
high population of magnons being in thermal equilibrium
with the phononic system. A rapid decrease in the phononic
temperature results in the break of the equilibrium. Since
the lifetime of magnons is larger than the phonon cooling
rate in the experiment, an overpopulation of magnons over
the whole magnon spectrum is generated. This overpopu-
lation results in a redistribution of magnons from higher to
lower energies. In this way, if the temperature of the heated
YIG film is high enough and the cooling process is fast
enough, the magnon chemical potential is increased to the
minimal energy of the magnon system and the BEC
formation process is triggered.
In the previous experiments, a Pt or Al layer was used to

heat the YIG nanostructure [33]. For a Pt heater an
additional generation of a spin-polarized current transverse
to the YIG=Pt interface due to the spin Hall effect (SHE) is
expected [34–37]. The resulting spin current is known to
act on the magnetization dynamics in the YIG via the spin
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transfer torque (STT) [17,38–44]. The SHE-STT contri-
bution, which can be checked by the variation of the current
polarity with respect to the magnetization orientation in the
YIG film [40], was not observed in the original experiments
[33]. The reason was the large YIG film thickness of 70 nm
(STT is an interface effect) and the high quality of the Pt
layer grown by molecular beam epitaxy that results in a
small spin Hall angle [45].
Here, we investigate a similar structure but with a smaller

YIG film thickness of 34 nm [46] and with the Pt layer
deposited by a sputtering technique to achieve a pro-
nounced SHE-STT effect. Using such YIG nanostructures,
we are now able to investigate the influence of the SHE-
STT effect on the formation of the magnon BEC by rapid
cooling. Analogously to our original studies, the experi-
ments are conducted at room temperature. We show that the
magnons annihilated or injected by the STT effect during
the pulse application strongly influence the BEC formation
threshold.
Figure 1 shows the structure under investigation and a

sketch of the experimental setup. The structure consists of
a 2-μm-wide YIG=Pt stripe (34=7 nm) on a (111) gado-
linium gallium garnet (GGG) substrate. The YIG structure
was fabricated using electron-beam lithography with sub-
sequent argon-ion milling [47]. Afterward a 3-μm-long
Pt layer was deposited on the waveguide using an

rf-sputtering technique. To establish electrical contacts to
the platinum pads, Ti=Au leads (10=150 nm) with a
distance of 2 μm between the inner edges were fabricated
by electron-beam evaporation. In the presented experi-
ments, dc pulses of a duration of τP ¼ 100 ns are applied
to the Pt pad. Standard ferromagnetic resonance measure-
ments were performed on two reference pads on the same
sample, one bare and one covered with platinum. These
yielded Gilbert-damping constants of αYIG ¼ 1.8 × 10−4

for the bare YIG pad and αYIGjPt ¼ 1.7 × 10−3 for the
YIG=Pt pad, corresponding to a spin mixing conductance
of g↑↓ ¼ 5.1 × 1018 m−2 [48]. An external field of
μ0Hext ¼ 110 mT magnetizes the stripe either along its
short or long axis in plane. We apply dc-current pulses to
the Pt layer in order to trigger the SHE-STT-effect-based
injection or annihilation of magnons and to heat up the
structure. After pulse termination, the structure cools down
rapidly since the GGG substrate and the Au leads act as
efficient heat sinks. In such way, the experiments are
conducted at room temperature and no active cooling is
required. The magnetization dynamics is measured by
means of Brillouin light scattering spectroscopy (BLS).
A laser beam with 457 nm wavelength and 5.0� 0.5 mW
power is focused (spot size 400 nm) onto the YIG wave-
guide through the backside of the transparent GGG sub-
strate, allowing one to measure below the platinum-covered
YIG region [47]. The inelastically scattered light, carrying
the information about the magnon intensity and frequency,
is analyzed by a multipass tandem Fabry-Perot interfer-
ometer with a time resolution of about 2 ns [33,49]. The
laser focus was scanned along the platinum layer between
the two contact pads on a line in the middle of the stripe
(see scan line indicated in Fig. 1). The resulting BLS signal
was integrated along this scan line to reduce any influence
of an inhomogeneous heating of the platinum region on the
experimental results.
Figures 2(a)–2(c) show the measured color-coded BLS

intensities (log scale) as a function of time and the BLS
frequency. The amplitude of the applied dc heating pulse is
jUj ¼ 1.5 V, corresponding to a current density of jjCj ¼
1.6 × 1012 Am−2.
Figure 2(a) shows the reference experiment with an

external field μ0Hext aligned parallel to the long axis
of the waveguide, parallel to the direction of the current
jC (μ0HextkjC). In this geometry, no contribution of the
SHE-STT effect is expected and the application of the
current pulse only results in a Joule heating-induced
increase of the YIG=Pt temperature. While the dc pulse
is applied (black box in the figure), the BLS intensity
decreases, as originally investigated in Ref. [50]. Further,
the spectrum of thermal magnons shifts to lower frequen-
cies due to the decrease in the saturation magnetization
[15,33]. After the dc pulse is switched off at t ¼ 100 ns, the
heat-dissipation-induced rapid cooling triggers the forma-
tion of the BEC at the bottom of the spectrum [33].
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FIG. 1. Colored scanning electron microscopy image of the
structure under investigation and sketch of the experimental
setup. The structure consists of a 2-μm-wide and 34-nm-thick
YIG stripe. A 3-μm-long and 7-nm-thick platinum heater is
placed on top and contacted by Ti=Au leads separated by a
distance of 2 μm.
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The BEC manifests itself as a pronounced peak in the
magnon intensity. The accompanying frequency increase is
due to the cooling.
The contribution of the SHE can be switched on by

rotating the magnetic field by 90°, hence pointing along the
short axis of the stripe [see insets in Figs. 2(b) and 2(c)],
i.e., perpendicular to the direction of the dc current [40].
In this geometry, the SHE-STT contribution can be

damping- or antidampinglike [34,51]. The change in the
effective damping can also be described by the annihilation
or injection of magnons [40] or by the change in the
magnon chemical potential μ [35,39]. In the case without a
STT contribution [Fig. 2(a), pulse duration of τP ¼ 100 ns
and a voltage of U ¼ 1.5 V)], the magnon and the phonon
system are in thermal equilibrium at the end of the dc
heating pulse, and both are highly populated. The SHE-
STT contribution increases or decreases the number of
magnons at the end of the pulse with respect to the
reference case. Thus, the SHE-STT is expected to change
the BEC formation via a change of the number and
distribution of excess magnons prior to the rapid cooling
process [33].
Figures 2(b), and 2(c) depict the cases for magnon

annihilation and injection via the SHE-STT effect, respec-
tively. These processes can be seen in the increase or
decrease of BLS intensity during the dc pulse.
The magnon annihilation process [Fig. 2(b)], in contrast

to experiments on thicker YIG microstructures used pre-
viously [33], is now large enough to compensate for the
rapid cooling-induced increase of the chemical potential μ,
thus suppressing BEC formation.
In the case of the SHE-STT-induced magnon injection

process [Fig. 2(c), jC;x < 0, μ0Hext⊥jC], the SHE-STT
effect enhances the magnon redistribution, which is man-
ifested by the even higher BLS intensity measured after the

dc pulse, compared to Fig. 2(a). For a better comparison of
the three cases described above, see Supplemental Material
[52] for extracted BLS spectra during and after the pulse.
Note that a purely thermal excitation of magnons takes

place over the whole spectral range [Fig. 2(a)]. The
subsequent decrease of the saturation magnetization leads
to a decrease in the BLS intensity [50]. In contrast, for a
STT injection of magnons, the BLS intensity increases
[Fig. 2(c)], in spite of the heating-induced decrease of the
BLS sensitivity (which does not depend on the field
orientation). The reduction of the BLS sensitivity is given
by the decrease in the saturation magnetization that can be
treated as a thermally induced increase of the number of
magnons over the whole magnon spectrum [53]. Thus, the
fact that the BLS intensity in Fig. 2(c) increases rather than
decreases during the heating process suggests that the
SHE-STT mechanism injects magnons primarily into the
low energy part of the spectrum accessible with micro-
focused BLS.
The results presented in Fig. 2 show that the SHE-STT

effect can control the BEC formation process via the
injection or annihilation of magnons. Here, we would like
to point out that the measurements presented in Figs. 2(b)
and 2(c) are conducted for a fixed geometry of the field.
Thus, the difference in the BEC formation after pulse
termination is solely determined by the SHE-STTeffect. To
investigate the threshold of the BEC formation process in
the presence of the SHE-STT effect, we first characterize
the state of the magnon system right before the cooling
takes place.
Figure 3(a) shows the inverse BLS intensity as a function

of the applied voltage, now for an applied continuous dc
voltage instead of a dc pulse. The linear fit of the inverse
BLS intensity yields the threshold voltage for the STT-
induced damping compensation [38], which is found to be
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FIG. 2. BLS intensity color coded (log scale) as a function of the BLS frequency and time. The duration of the 100-ns-long heating dc
pulse with an amplitude of jUj ¼ 1.5 V is marked by the black boxes. (a) Current parallel to the external field, thus no contribution of the
SHE-STT effect is expected. The achieved overpopulation after pulse termination due to the rapid cooling effect is sufficiently large to
trigger the formation of a magnon BEC. (b) Current is perpendicular to the external field. The STTannihilates magnons during the pulse.
The condensation of magnons is suppressed. (c) Reversed current direction in comparison to the situation in (b), the STT injects
magnons. After the pulse is applied, the magnon BEC density is enhanced compared to the situation depicted in (a). For the exact
geometries, see insets.
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U ¼ −0.95 V. Thus, for the voltages applied in the pulsed
experiments, the SHE-STTeffect compensates the damping
and should lead to the formation of auto-oscillations after a
sufficiently long time [51]. In the following, we limit our
discussion to the voltage regime, where no auto-oscillations
are triggered. However, we discuss measurements for
higher voltages in the Supplemental Material [52].
Figure 3(b) shows the BLS intensity integrated over the

whole frequency range shown in Fig. 2 and integrated over
the last 8 ns of the applied dc pulse as a function of the
voltage. This BLS intensity at the end of the pulse is
corresponding to the final magnon intensity in the fre-
quency range accessible with BLS, which is the low
frequency region of the spectrum. The þ sign data points
correspond to the direction in which the STT effect injects
magnons, the − sign data points correspond to the case
when the STT effect annihilates magnons (a negative
voltage corresponds to a positive current density in the x
direction and results in an injection of magnons as indicated
by þ sign data points). We observe an increasing BLS
intensity at the end of the pulse with higher voltages,
indicating an increasing STT injection. After reaching its
maximum at a voltage of U ¼ 1.45 V, the BLS intensity
decreases again, which is attributed to a decreased spin
mixing conductance due to the heating [54] and a decreased
BLS sensitivity at higher temperatures [50]. The decreasing
BLS intensity for opposite current polarity is a super-
position of the annihilation of magnons due to the SHE-
STT effect and the decreasing BLS sensitivity.
In the following, the effect of the changed magnon

population at the end of the pulse on the threshold voltage
of the BEC formation is investigated. The applied dc pulse
voltage defines the temperature increase achieved by the

Joule heating, and, therefore, it defines the number of
excess magnons redistributed in the process of rapid
cooling. Thus, the investigation of the BLS intensity as
a function of the applied voltage yields threshold informa-
tion. For the time evolution of the temperature, see the
Supplemental Material [52].
Figure 3(c) shows the BLS intensity after the pulse is

switched off, integrated in the time interval τP < t <
τP þ 95 ns. As a reference, the black curves show the
integrated BLS intensities without a SHE-STT contribution
(μ0HextkjC). These two curves (positive and negative
current polarity) show a sudden increase at a voltage of
U ¼ 1.42 V, which is the threshold of the BEC formation
without a SHE-STT contribution. For the case of a STT
annihilation (bright blue graph), a pronounced threshold at
a higher voltage of U ¼ 1.51 V is observed.
In the case of STT injection, the BLS intensity after

termination of the pulse (dark blue curve) is the interplay of
the rapid cooling-induced magnon redistribution and
the (decaying) STT-injected magnons during the pulse.
To investigate if these two contributions are a linear
superposition or if the SHE-STT-effect-driven injection
influences the redistribution process, we need to subtract
the intensity originating from an exponential decay of
the STT-injected magnons. This intensity can be derived
as ISTTðtÞ ¼ ISTTt¼τP exp½−2ðt − τpÞ=τm�, where ISTTt¼τP is the
intensity at the end of the pulse [integrated value shown in
Fig. 3(b)], and τm is the magnon lifetime. Fitting the time
evolution of the BLS intensity for the lowest voltages
applied (for STT injection, without a contribution of
the rapid cooling mechanism) reveals τm ¼ 34 ns. Thus,
by using the starting intensity of the SHE-STT-effect-
injected magnons we can calculate the expected magnon

FIG. 3. (a) Inverse BLS intensity as a function of the voltage for the application of a continuous dc current. The linear fit yields a
threshold for the damping compensation of Uth ¼ −0.95 V. (b) Integrated BLS intensity at the end of the applied dc pulse (integration
interval τP − 8 ns < t < τP) as a function of the absolute value of the voltage. The external field of μ0Hext ¼ 110 mT is aligned
perpendicular to the direction of the current. The SHE-STT effect either injects (“þ” sign data points) or annihilates (“−” sign data
points) magnons. (c) Integrated BLS intensity after the pulse is switched off (τP < t < τP þ 95 ns) as a function of the absolute value of
the voltage. The blue curves correspond to the situation in (b); the black curves show the reference curve for μ0HextkjC, without a SHE-
STT contribution. (d) Integrated intensity as in (c), the residual signal caused by the decaying STT-injected magnons is subtracted.
Because of the injection or annihilation of magnons via the STT, the thresholds are shifted with respect to the case without a SHE-STT
contribution (pink line).
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intensity after the pulse if no rapid cooling process would
take place. The experimental BLS intensity after the pulse
with the calculated STT contribution subtracted is shown in
Fig. 3(d). ForU > 1.30 V,we find that the intensity after the
end of the pulse is larger than the intensity given by the finite
lifetime of the STT-injected magnons. This lowest voltage
that leads to an increase of the number ofmagnons above the
STT-injected level is identified as the threshold of the BEC
formation. In summary, the shift of the BEC formation
threshold is from U ¼ 1.42 V down to 1.30 V or up to
U ¼ 1.51 V, corresponding to a relative change of −8% or
þ6%, respectively. As we discuss in the Supplemental
Material [52], a rough estimation of the SHE-STT-
effect-driven excess magnon density for U ¼ 1.3 V gives
nSTTinj ≈ 8 × 1019 cm−3, which is around 10% of the excess
magnon density generated by the rapid-cooling mechanism
nRCinj ≈ 6 × 1020 cm−3. To compare, the density of injected
magnons in parallel parametric pumping experiments is on
the order of 1018 − 1019 cm−3 [16].
The decreasing intensity at higher voltages [U > 1.65 V

in Fig. 3(c)] requires further investigations, but might be
attributed to the increased temperature of the YIG. At the
time at which the magnon BEC occurs, the YIG is not yet
cooled down to room temperature. Thus, at higher voltages,
the temperature at that time is increased, resulting in a
decrease of the BLS sensitivity. The difference in the BLS
intensity after the pulse between the case of jC;x > 0 and
jC;x < 0 decreases with higher voltages and vanishes for
the highest voltages applied. The vanishing contribution of
the SHE-STT at higher voltages U > 1.8 V is attributed to
a decreasing spin mixing conductance with higher temper-
atures [54].
In conclusion, we found that the SHE-STT effect injects

or annihilates magnons and thus shifts the threshold values
for the rapid cooling-induced magnon BEC up to 8%.
Utilizing the SHE-STTeffect opens up opportunities for the
control (triggering or suppression) of the magnon BEC
formation when the applied voltage is close to the threshold
value. The comparison between the magnon populations
during the application of a dc pulse for the cases with
and without a SHE-STT contribution has shown that the
injection of magnons primarily takes place in the low
energy part of the spectrum and thus strongly promotes the
formation of a rapid cooling-induced magnon BEC. These
findings suggest a new way to control the formation of a
magnon BEC by the polarity of the applied current, paving
the way for the utilization of macroscopic quantum states in
spintronic devices.
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